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Abstract  
 
Sugar cane cultivation has become the main land use in northeast and 
southeast Brazil and it is still increasing because of a growing national and 
international demand of sugar and biofuel. Shallow coastal lagoons and 
estuaries are the linkage between terrestrial and marine environments and 
are susceptible to anthropogenic modifications. Little is know about the 
impact of sugar cane cultivation in these systems.  
 
Aim of this study was to gain knowledge on the impact of effluents from 
sugar cane cultivation on the biogeochemistry and phytoplankton dynamics 
in two shallow coastal systems affected by sugar cane monoculture in their 
watersheds, a coastal lagoon and an estuary in Brazil. In the Mundau 
Manguaba Lagoon (MML), water samples were collected at the beginning 
and end of the dry season during five expeditions between September 
2007 and February 2009. Additionally, sediment cores were taken in March 
2007. In the Paraiba do Sul River (PSR), samples were taken during the 
rainy (January) and dry (September) season 2008.  
 
The main elements of this study were the determination and 
characterization of nutrients (nitrate, nitrite, ammonium, silicate, phosphate) 
and total suspended matter (TSM) as well as phytoplankton communities in 
the MML and the PSR. Particulate organic matter (Corg, PN) and stable 
carbon and nitrogen isotopes (13C, 15N) were determined in TSM of 
surface water in the MML and PSR and sediments of the MML. Inorganic 
nutrients were measured in the water samples. Phytoplankton abundance, 
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biomass and community composition were identified in the MML. Effects of 
nutrient enrichment caused by fertilizer runoff from sugar cane fields on 
phytoplankton communities in the MML were experimentally simulated. 
Chlorophyll a (chl a) was used to estimate phytoplankton biomass in the 
PSR.  
 
Nutrients and organic matter derived from fertilizer runoff in the catchment 
area of the PSR were transported from the river and its tributaries to the 
estuary and subsequently to adjacent coastal waters during the rainy 
season because of high river discharge. Reduced river discharge and long 
residence time during the dry season led to an increase in chl a amount 
and retention of allochthonous and autochthonous material inside the 
system.  
 
Nutrient concentrations in the MML were mainly governed by the rivers 
which drain the sugar cane dominated catchment area. A seaward nutrient 
decrease coincided with high phytoplankton biomass inside the lagoons 
and was the result of fast nutrient uptake by algae. Parts of the organic 
matter were removed from the water column due to sedimentation and 
were recycled or stored in the sediments of the lagoons. Other parts of the 
organic matter were exported from the Manguaba and Mundau lagoons into 
adjacent coastal waters due to tidal currents.  
 
Phytoplankton community and diversity were highly variable in both 
lagoons because of rapidly changing salinity and nutrient concentrations as 
well as residence time. Thus, temporal and spatial phytoplankton 
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distributions and shifts between cyanobacteria and diatom dominated 
communities were observed in the MML.  
 
Nutrient enrichment experiment conducted in order to simulate high nutrient 
input from fertilizer runoff showed a direct response of phytoplankton 
communities. Diatoms were the main profiteers due to permanently high 
silicate concentrations in tropical aquatic ecosystems. Alterations in the 
nutrient ratios affected by high nitrogen and phosphate inputs from sugar 
cane cultivation lead to a shift in phytoplankton communities and 
consequently influence the entire food web dynamics in the lagoons.  
 
It can be concluded that lagoons and estuaries play an important role for 
nutrient and organic matter cycles in the coastal ecosystems affected by 
sugar cane cultivation in the northeast and southeast regions of Brazil. 
Seasonal variations in fertilizer runoff, geomorphology of the system and 
biological processes are the main factors that control the material 
distribution, composition and finally the retention of nutrients and organic 
matter inside the system or the outwelling from the system into adjacent 
coastal waters.
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Zusammenfassung 
 
Zuckerrohranbau ist die vorherrschende Landnutzung im Nordosten und 
Südosten Brasiliens. Aufgrund einer ständig steigenden nationalen und 
internationalen Nachfrage nach Zucker und Biodiesel, dehnt sich der 
Anbau von Zuckerrohr weiterhin aus. Damit einhergehende 
Landnutzungsänderungen können drastische Auswirkungen auf flache, 
küstennahe Ökosysteme wie Lagunen und Ästuare haben, die als 
Bindeglied zwischen terrestrischen und marinen Lebensräumen fungieren. 
Bisher ist nur wenig über den Einfluss von Zuckerrohranbau und die daraus 
resultierenden Wechselwirkungen auf diese Systeme bekannt. 
 
Ziel dieser Arbeit war, den Einfluss von Abwässern aus 
Zuckerrohrmonokulturen auf die Biogeochemie und 
Phytoplaktondynamiken in einem küstennahen Lagunensystem und einem 
Ästuar in Brasilien zu untersuchen. In der Mundau Manguaba Lagune 
(MML) wurden während fünf Expeditionen zwischen September 2007 und 
Februar 2009 jeweils zu Beginn und am Ende der Trockenzeit 
Wasserproben genommen. In einer ersten Beprobungskampagne im März 
2007 wurden Sedimentkerne aus beiden Lagunensystemen gezogen. Der 
Fluß Paraiba do Sul (PSR) wurde jeweils während der Regen– und 
Trockenzeit 2008 beprobt (Januar und September). 
 
Die Bestimmung und Charakterisierung von Nährstoffen (Nitrat, Nitrit, 
Ammonium, Silikat, Phosphat) und suspendiertem Material (TSM) in der 
MML und im PSR, ebenso wie die Bestimmung und Quantifizierung von 
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Phytoplanktongemeinschaften in der MML standen im Mittelpunkt dieser 
Untersuchung. Des Weiteren wurden partikuläres organisches Material 
(Corg, PN) und stabile Kohlenstoff- und Stickstoffisotope (13C, 15N) des 
TSM im Oberflächenwasser der MML und des PSR, sowie im Sediment der 
MML bestimmt. Phytoplanktonabundanz, deren Biomasse und die 
Zusammensetzung der Gemeinschaften wurde in der MML untersucht. 
Auswirkungen von erhöhtem Nährstoffeintrag durch Dünger aus 
Zuckerrohrfeldern auf Phytoplanktongemeinschaften in der MML wurden 
experimentell simuliert. Im PSR wurde Chlorophyll a (Chl a) zur 
Abschätzung von Phytoplanktonbiomasse verwendet. 
 
Nährstoffe und organisches Material aus den Zuckerrohranbaugebieten im 
Einzugsbereich des PSR wurden während der Regenzeit aufgrund der 
hohen Abflussmenge direkt vom Fluß und seinen Zuflüssen ins Ästuar und 
die angrenzenden Küstenbereiche exportiert. Dagegen führten geringe 
Abflussmengen und eine lange Verweilzeit des Wassers im Fluß während 
der Trockenzeit zu einem Anstieg der Chl a Menge und einem Rückhalt 
von allochthonem und autochthonem Material innerhalb des Systems. 
 
Nährstoffkonzentrationen in der MML wurden vorwiegend durch die Flüsse 
bestimmt, welche Nährstoffe aus dem Zuckerrohr dominierten 
Einzugsgebiet eintragen. Die Nährstoffkonzentrationen nahmen entlang 
eines Gradienten vom Fluß zum Ozean hin ab. Dabei nahm gleichzeitig die 
Phytoplanktonbiomasse in der Lagune zu, was auf eine schnelle Aufnahme 
der Nährstoffe durch Phytoplankton hindeutet. Das suspendierte Material 
Zusammenfassung 
 
 
VII 
sedimentierte entweder in der MML ab, wo es wiederaufbereitet wurde oder 
wurde, beeinflußt durch die Tide, in küstennahe Gewässer exportiert. 
 
Kurzzeitige Veränderungen in Salinität, Nährstoffkonzentrationen, sowie 
der Verweildauer des Wassers in den Systemen können zu einer hohen 
Variabilität in der Phytoplanktongemeinschaft und –diversität führen. 
Folglich wurden zeitliche und räumliche Unterschiede in der Verteilung des 
Phytoplanktons in der MML beobachtet, ebenso wie Veränderungen der 
Gemeinschaften, die entweder von Kieselalgen oder Cyanobakterien 
dominiert wurden. 
 
Mit Hilfe eines Anreicherungsexperiments, bei dem der hohe Eintrag von 
Nährstoffen aus Düngern nachgestellt wurde, konnte gezeigt werden, dass 
Phytoplanktongemeinschaften direkt auf diese Nährstofferhöhung 
reagieren. Durch die permanent hohen Silikatkonzentrationen in tropischen 
Gewässern, profitieren Kieselalgen am stärksten vom zusätzlichen 
Nährstoffeintrag, was sich in ihrer Zellzahl und Biomasse widerspiegelt. 
Änderungen in der Nährstoffzusammensetzung durch hohe Stickstoff- und 
Phosphatzufuhr aus dem Anbau von Zuckerrohr kann somit zu einer 
Veränderung in der Phytoplanktongemeinschaft führen und dadurch die 
Dynamik im gesamten nachfolgenden Nahrungsnetz in den Lagunen 
beeinflussen. 
 
Aus den Ergebnissen dieser Untersuchung wird deutlich, dass Lagunen 
und Ästuare eine wichtige Rolle im Kreislauf von Nährstoffen und 
organischem Material in Küstenökosystemen in Nord- und Südost-Brasilien 
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spielen, die stark vom Zuckerrohranbau beeinflusst sind. Saisonale 
Unterschiede im Eintrag von Düngemitteln, die Geomorphologie des 
jeweiligen Systems, sowie biologische Prozesse sind wichtige Faktoren, die 
sowohl die Verteilung als auch die Zusammensetzung und letztendlich das 
Verweilen von Nährstoffen und organischem Material in einem System 
steuern oder zu einem Austrag in den Küstenozean führen. 
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1. SCIENTIFIC BACKGROUND AND OBJECTIVES 
1.1 Eutrophication – a global concern 
Increasing nutrient loads entering aquatic systems have been reported from 
all over the world (Filoso et al., 2003; Paerl et al., 2006; Smith, 2003; 
Turner and Rabalais, 1994; Turner and Rabalais, 2003). These high 
nutrient concentrations are mainly due to anthropogenic inputs from e.g. 
rapidly growing urbanization, industrial development, the expansion of 
aquaculture and the increasing input from agricultural effluents. 
 
High nutrient concentrations in a system in combination with an increase in 
organic matter (OM), e.g. algae and aquatic plants are usually defined as 
eutrophication. However, a number of definitions have been proposed by 
different authors depending on the emphasis of their impact. Vollenweider 
(1992) e.g. defined “Eutrophication - in its more generic definition that 
applies to both fresh and marine waters – is the process of enrichment of 
waters with plant nutrients, primarily nitrogen and phosphorous that 
stimulates aquatic primary production and in its more serious 
manifestations leads to visible algae blooms, algae scums, enhanced 
benthic algal growth of submerged and floating macrophytes”. Another very 
short but accurate definition was given by Nixon (1995): “eutrophication is 
an increase in the rate of supply of organic matter to an ecosystem”. 
 
Human derived phosphorus and nitrogen in organic or inorganic form are 
the most important nutrients responsible for eutrophication. Phosphorus is 
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generally the nutrient, which limits primary production in freshwater 
ecosystems, whereas nitrogen is often the limiting factor in brackish or 
marine aquatic environments (Howarth, 1988; Schindler, 1974; Talling and 
Lemoalle, 1998). However, these nutrients can also be co-limiting for the 
primary production in an aquatic ecosystem (Fisher et al., 1992; Rudek et 
al., 1991). Elevated transport of nitrogen and phosphorus to aquatic 
systems can consequently diminish the limitation and support higher 
primary productivity. In a final step, it can even trigger phytoplankton 
blooms (Anderson et al., 2002).  
 
Large parts of tropical and subtropical aquatic systems are nitrogen 
depleted due to the removal of biologically available nitrogen by microbial 
denitrification (Deutsch et al., 2001; Gruber and Sarmiento, 1997). 
However, mainly during the first weeks of the rainy season elevated 
nutrient loads induced by out-washing of fertilizers from the soils of 
cultivated areas enter the aquatic systems. Increased agricultural runoff 
may fuel large phytoplankton blooms, as it was observed in the Gulf of 
California, where blooms occurred shortly after fertilization and irrigation of 
agricultural fields (Beman et al., 2005).  
 
Other nutrients, such as silicon or iron, can additionally influence the 
abundance of phytoplankton species and consequently change the 
composition of a community (Hecky and Kilham, 1988). Silicon, which is a 
product of rock and soil weathering, is an important nutrient for the 
abundance and distribution of diatoms, as it is incorporated into the 
diatom’s frustule (Egge and Aksnes, 1992). However, if silicon becomes 
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limited, shifts from diatom to non biomineralizing communities or even an 
increase in harmful algal blooms, e.g. cyanobacteria, in coastal waters can 
be observed (Officer and Ryther, 1980). Consequently changes in silicon 
concentration can influence phytoplankton community and species 
abundance and subsequently the food chain as diatoms are an important 
food source for higher trophic levels (Cushing, 1989).  
 
1.2 Consequences of eutrophication  
Increased nutrient loads can result in a wide variety of changes in the 
ecosystem. The changes in nutrient availability and stoichiometry influence 
the phytoplankton abundance and community structure and generally result 
in higher chlorophyll a values. Finally, an increase in algal biomass in the 
system can lead to the occurrence of nuisance and harmful algal blooms 
(HABs) in different frequencies (Béthoux et al., 2002; Hallegraeff, 1993; 
Piehler et al., 2004). A well investigated example is the bloom of Pseudo-
nitzschia spp. on the Louisiana shelf in the extended plume of the 
Mississippi River, which can be traced back to the 1950s. Mainly in spring, 
increased nutrient loads directly lead to the development of this toxic 
species and its increase in cell abundance. Microcosm experiments have 
also shown that the increase in biomass of Pseudo-nitzschia spp. 
responded directly to nutrient pulses (Dortch et al., 2000; Dortch et al., 
1997; Parsons et al., 2002). The occurrence of HABs can affect animal and 
human health by the production of toxins. Direct consumption or indirect 
exposure to contaminated fish can cause illness and mortality.  
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Transport of high loads of nutrients and organic material into coastal 
regions can severely damage and destroy seagrass beds or coral reefs 
(Burkholder et al., 2007; Chazottes et al., 2002; McGlathery, 2001). 
Shading due to micro- and macroalgal growth and consequently high 
biomass in addition to suspended matter in the water column can lead to 
seagrass and coral declines and reduction in species diversity. Macroalgae 
can overgrow seagrasses and old corals, inhibit the recruitment of juvenile 
corals and lead to hypoxic or anoxic conditions (Lapointe et al., 2004 and 
references therein). Therefore economically important resources, e.g. 
fishery and tourism, can be negatively impacted by alterations of the 
ecosystem (Nixon, 1995).  
 
Top down factors such as grazing by microzooplankton, e.g. heterotrophic 
flagellates, control the phytoplankton production and biomass (Mallin and 
Paerl, 1994; Sellner et al., 1993). However, during algal blooms, 
phytoplankton is not completely grazed due to poor food quality or even the 
presence of toxic species. Consequently, dead algae sink to the bottom of 
the system, been deposited in the surface sediments and the 
decomposition of this organic material use the oxygen, which can result in 
hypoxic or even anoxic conditions in the aquatic environment (Zhang et al., 
2010 ). As soon as the oxygen concentration decreases to a critical level, 
the organisms in the ecosystem will escape if possible or suffer high 
mortalities (Diaz and Rosenberg, 2008). 
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1.3 Cultivation and history of sugar cane in Brazil 
Generally regions in southern and eastern Asia show proportionally high 
increase in nutrient load due to population growth, increasing 
industrialization and changes in land use associated with increased 
fertilizer application (Seitzinger et al., 2002a). In many other countries, land 
use change due to the increased production of biofuel will also alter the 
nutrient transport from the catchment area to the sea (Rabalais et al., 2009 
and reference therein). In many tropical countries the cultivation of sugar 
cane is increasing because it is more and more used for the production of 
biofuel. 
 
Brazil is the biggest sugar cane producer in the world, followed by India and 
Australia (FIAN and GTZ, 2002). During the last decades, the cropping land 
for sugar cane increased from 2 million ha to more than 7 million ha. Since 
1975, the PROALCOOL program, which was promoted by the Brazilian 
government, led to an enormous increase in sugar cane production. 
Triggered by the global energy crisis and the oil price shock, the 
government postulated the production of alcohol as fuel in the automobile 
sector. In 2002, the sugar cane industry started another very dynamic 
growth period, following up the PROALCOOL initiative in 1975. Today, the 
main products of sugar cane - sugar and ethanol, have a leading role in the 
Brazilian agribusiness. More than half of the sugar cane production is used 
for the production of ethanol (UNICA, 2001). 
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Figure 1: Major sugar cane cultivation areas in Brazil (modified from UNICA, 2010) 
 
The states of Alagoas and Pernambuco in the northeast of Brazil are the 
homeland of sugar cane production due to their topography, the warm and 
humid climate and fertile soils. More than 80% of the agricultural areas in 
northeast Brazil are actually covered by sugar cane monocultures 
(Goldemberg et al., 2008). During the last decades, the cultivation areas 
expanded and shifted to the states of Sao Paulo and Minas Gerais in the 
southeast of Brazil, because these flat areas are more suitable for 
mechanisation (Fig. 1). Today, about 75% of the sugar production and 
around 80% of the alcohol production take place in the state of Sao Paulo 
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(FIAN and GTZ, 2002 and references therein; UNICA, 2001). The different 
climatic zones all over Brazil enable sugar cane cultivation and 
consequently sugar and alcohol production during the whole year. 
 
1.4 Environmental problems of sugar cane agriculture 
The cultivation of sugar cane and its processing in factories are 
accompanied by several environmental problems. The expansion of sugar 
cane monocultures led to direct and indirect deforestation during the last 
decades. The clear-cutting of forests made way for new sugar cane 
production areas. However, sugar cane agriculture also spread out in 
areas, which where previously used for the cultivation of other crops and 
pasture. Consequently, new agricultural areas were needed to replace the 
lost pasture and crop lands, which resulted in further deforestation. Almost 
95% of the rainforest along the coast of the Atlantic Ocean in Brazil, which 
is the most diverse rainforest in the world and rich in endemic species, is 
already deforested because of these agricultural practices (FIAN and GTZ, 
2002). 
 
Soil erosion by wind and water is another problem of sugar cane cultivation, 
which may result in soil loss and consequently cause a large reduction of 
agricultural yields, as was observed in the northeast of Brazil (Cavalcanti et 
al., 2000; Sparovek et al., 1997). Soil compaction caused by the use of 
heavy farm machinery increases the surface runoff in deforested regions 
and can lead to heavy flooding after strong rainfalls, which destroy fields, 
harvests, as well as human infrastructure and houses. 
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It is a widely-used practice in Brazil to burn off the sugar cane fields before 
the harvest. This procedure mainly removes the foliage of the sugar cane 
plant, which makes it easier to cut and transport. The smoke and ash in the 
atmosphere from the burning can cause strong air pollution and health 
problems (Guarnieri and de Martino Jannuzzi, 1992). Furthermore, the 
natural vegetation is being destroyed resulting in a negative impact on the 
flora and fauna. 
 
The cultivation of sugar cane as monoculture requires additional application 
of fertilizer (e.g. NPK (nitrogen-phosphorus-potassium) fertilizer or special 
fertilizers with trace elements) to regenerate the nutrient pool in the soil, 
which is leached during the growth of the sugar cane plants. In addition, 
pesticides and herbicides are used to reduce weeds and pests in the sugar 
cane fields, mainly on the young sugar cane plants. Besides chemical 
fertilizer, sugar cane products like vinasse and bagasse, byproducts of the 
sugar cane distillation in the factories and the smashed sugar cane fibers 
after the processing in the factories, respectively, are applied in the fields 
as organic fertilizer. Contaminated soils and water bodies are the result of 
the widespread and intensive use of agrochemicals and high fertilizer 
concentrations. During the last years, the increase of sugar cane 
monocultures has coincided with a strong increase in fertilizer application. 
Brazil is one of the largest consumers of agrochemicals worldwide with an 
average consumption of about 3.12 million tones of fertilizer in 2006 
(Martinelli and Filoso, 2008).  
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1.5 State of aquatic systems in Brazil affected by sugar cane 
cultivation
Coastal lagoons and estuaries are dynamic environments, as they are 
influenced by terrestrial and marine inputs (Fig. 2). These systems are 
affected by the interaction of a wide range of abiotic factors (e.g. light, 
salinity, water temperature, residence time, nutrients) and biotic factors 
(e.g. primary production, grazing, competition). Land use change and 
subsequent anthropogenic inputs are a main component which controls the 
phytoplankton dynamics in estuaries and coastal lagoons (Ferreira et al., 
2005; Wehr and Descy, 1998). 
 
Intensive agriculture in combination with the increased use of fertilizer and 
pesticides raise the nitrogen and phosphate load in rivers. Transformations 
in the nutrient cycle and resulting changes in the phytoplankton community 
have been reported from e.g. subtropical regions like the Mississippi River 
and the Gulf of Mexico (Turner and Rabalais, 1994; Turner and Rabalais, 
2003). Generally, high nitrogen and phosphorus loads from waste water 
effluents and fertilizer runoff have almost doubled during the last decades 
(Bouwman et al., 2005; Meybeck, 1982; Vollenweider, 1992). However, 
land use change in tropical regions and its impact on aquatic systems is not 
well investigated. 
Scientific Background and Objectives 
 
 
10 
Figure 2: Schematic diagram of the interactions of biotic and abiotic variables 
inside the lagoon/ estuary (modified from Solidoro et al., 2005).  
 
High rates of nitrogen export into rivers draining catchment areas, which 
are mainly cultivated by sugar cane, have been reported e.g. for the 
Piracicaba River basin (Filoso et al., 2003). The Piracicaba River in 
southeast Brazil is a tributary, which discharges into the Parana River. It is 
located in a region that is intensively used by agriculture and industries. 
Highest nitrogen concentrations (~200 μM) in this river have been 
measured in areas with a high proportion of agricultural and urban land 
use, whereas lowest concentrations occurred in landscapes covered by 
pasture and forest. The average annual flux of nitrogen (18 900 tons N yr-1) 
in the Piracicaba River increased by a factor of 15-20 from the headwaters 
to the lower reaches, although the discharge was only 7 times higher. Total 
net anthropogenic input into the system reached about 4 500 (± 900) kg N 
km-2 yr-1. Generally nitrogen inputs into the system were clearly higher than 
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outputs, which points to intensive transformation processes such as 
denitrification or burial inside the river (Filoso et al., 2003). 
1.6 Objectives and Hypotheses 
 
The growing sugar cane cultivation and sugar cane production in Brazil 
coincides with an increasing use of fertilizer in the catchment area of rivers. 
Knowledge regarding the consequences of effluent runoff from sugar cane 
fields and sugar cane factories into aquatic ecosystems in Brazil is limited. 
The main objectives of the present study were to identify the sources, 
transformation processes and fate of nutrients and organic material from 
the effluents of sugar cane cultivation and to study their effects on the 
biogeochemistry and phytoplankton dynamics in the tropical Mundau 
Manguaba lagoon (MML), and the Paraiba do Sul (PSR) River and Estuary 
in Brazil. Both study areas are influenced by sugar cane cultivation in their 
watersheds and sugar cane processing factories. The distribution of 
nutrients, particulate organic carbon and nitrogen as well as phytoplankton 
biomass were investigated in the MML and PSR during five expeditions 
from March 2007 to February 2009. C/N ratios and stable carbon and 
nitrogen isotopes of organic material were determined to identify the 
sources and distribution of organic matter in the lagoon and estuary.  
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Two hypotheses were addressed based on the following assumptions: 
 
1.
Effluents, which can be attributed to sugar cane cultivation and production, 
are either from fertilizer runoff from sugar cane fields or from point sources, 
such as the waste water from the sugar cane factories.  
 
Hypothesis 1 
Fertilizer runoff as well as effluents from sugar cane industry enhance 
nutrients and phytoplankton biomass in the Mundau Manguaba lagoon and 
Paraiba do Sul River. 
 
 
2.
Nutrient and organic matter cycling as well as phytoplankton biomass 
production in coastal aquatic environments generally depend on the 
geomorphology of a system and the seasonal variability in an area. This 
also has an effect on the transformation and fate of nutrients and organic 
matter introduced into a system through effluents from sugar cane 
cultivation and processing in its catchment area.  
 
Hypothesis 2 
Long water residence time and consequently high filtering capacity derived 
by the rather closed morphology of the Mundau Manguaba lagoon leads to 
a lower export of nutrients and organic matter to adjacent coastal waters 
compared to the open Paraiba do Sul estuary. 
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The results obtained from this study will help to develop an understanding 
regarding the effects of sugar cane cultivation on water quality and 
phytoplankton biomass and composition in the main sugar cane cultivation 
areas in Brazil. This is the first study in the region that elucidates the impact 
of sugar cane cultivation in combination with phytoplankton biomass and 
species diversity. 
 
Specifically the results will help to understand the influence of sugar cane 
cultivation in the Mundau Manguaba lagoon and Paraiba do Sul River, 
which were used as case study sites. Furthermore the results regarding 
changes in organic matter, nutrient distribution and composition in these 
systems can be used to develop a general understanding of the effects of 
sugar cane cultivation on organic material and nutrient cycling in tropical 
lagoons and estuaries. 
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2. MATERIAL AND METHODS 
2.1 Study areas 
The two study areas, Mundau Manguaba Lagoon system (MML) in 
northeast and Paraiba do Sul River (PSR) in southeast Brazil, are located 
in tropical and subtropical regions, respectively. Both study sites have huge 
amounts of sugar cane monocultures in their catchment areas which, in 
addition to sugar cane factories along the rivers and tributaries, can 
influence the nutrient cycling and biogeochemistry of the aquatic 
environments. Over the last decades, human activities and mainly the 
cultivation of sugar cane has more than doubled and led to an increase in 
fertilizer use (Macedo et al., 2008). 
 
Mundau Manguaba Lagoon (MML) 
The MML is located in the state of Alagoas. It consists of two shallow 
lagoons, which are connected by a narrow channel system, lined with 
mangroves and linked to the ocean (Fig. 3). The channels of the two 
lagoons are separated in a joint outlet by a sand bar and discharge into the 
Atlantic Ocean. The area of the whole lagoon system is 79 km2 with an 
average depth of 2 m. The Manguaba lagoon with an area of 43 km2 is 
surrounded by sugar cane fields, while the 24 km2 Mundau lagoon is 
additionally receiving untreated effluents from the city of Maceio which 
actually has about 900,000 inhabitants (ANA, 2005; Oliveira and Kjerfve, 
1993). The tropical climate is characterized by a dry season from 
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November to March and a rainy season from May to August with an 
average annual precipitation of 1654 mm. The Mundau River annually 
discharges an average of 33.5 m3s-1 into the Mundau lagoon, Paraiba do 
Meio and Sumauma River 17.6 m3s-1 and 5 m3s-1, respectively, into the 
Manguaba lagoon (Oliveira and Kjerfve, 1993; Souza et al., 2003). During 
the rainy season, the lagoons are strongly influenced by freshwater and 
sediment transport in the rivers, while, during the dry season, river flow is 
low and the system is mainly controlled by tidal variation. 
 
Figure 3: Map of the Mundau Manguaba lagoon in northeast of Brazil. 
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Most of the tidal energy from semi- diurnal tides dissipates in the 
connecting channels between the ocean and the lagoons. The different 
sizes of the lagoons and the channels cause an average water residence 
time of around 1-2 weeks for Mundau lagoon and 5-7 weeks for Manguaba 
lagoon (Oliveira and Kjerfve, 1993).  
 
In northeast Brazil which is the second largest sugar cane production area 
of the country, planting and fertilization of sugar cane starts between 
January and March which is the end of the dry season. At the beginning of 
the dry season, in September/October, harvesting of sugar cane and 
subsequently the sugar production in the factories starts.   
 
 
Paraiba do Sul River (PSR) 
The PSR is a medium sized river, which drains the most industrialized 
states Rio de Janeiro, São Paulo and Minas Gerais. It is about 1145 km 
long with an area of 55 400 km2 (Fig. 4). The subtropical climate shows a 
clear precipitation regime with a rainy season from November to January 
and a dry season between June and August. Annual rainfall in the river 
basin ranges between 1000 and 3000 mm. During the dry period, the water 
discharge of the PSR can be very low (180 m3s-1), while heavy precipitation 
during the rainy season can raise the discharge to up to 4380 m3s-1 and can 
cause heavy flooding (DNAEE, 1983; Rosso et al., 1991).  
 
The Pomba River and the Muriaé River are two main tributaries, which 
drain into the lower PSR. At the mouth of the PSR several channels,  
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lakes, swamps and mangrove areas form a huge delta. Land use in the 
PSR catchment area is mainly urban development, extensive cattle farming 
and agriculture. The PSR supplies the agriculture and industry in its basin 
with water, which is also used for human consumption. Effluents from the 
agriculture fields or sewage can affect the water quality of the river. 
Figure 4: Map of the Lower Paraiba do Sul River basin including the sampling 
stations in the tributaries (2 (Pomba River), 4 (Dois Rios River), 6 
(Muriaé River)) and the PSR (1, 3, 5, 7). The PSR estuary is subdivided 
into the main estuary and a smaller second channel (modified from 
Carvalho et al., 2002; Krüger et al., 2004). 
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2.2 Field work 
In the MML, surface water samples were taken along a gradient from 
marine to freshwater during two expeditions at the beginning of the dry and 
harvesting season in September 2007 and October 2008 and at the end of 
the dry season in February 2008 and 2009. In March 2007, four sediment 
cores (30 - 50 cm) were collected in each lagoon on a gradient from the 
upper to the lower lagoon area and sliced in 2 cm layers. According to 
hydrodynamic and geographical characteristics, the lagoons were 
subdivided into three units: the channels (estuary), the lagoons and the 
rivers (freshwater).  
 
In the PSR and the adjacent coastal area, surface water samples were 
taken in January and September 2008 during the rainy and dry season, 
respectively. Sampling stations were located in the mangrove and estuarine 
area in the lower part of the PSR. Additional samples were collected in the 
smaller tributaries Pomba River, Dois Rios and Muriaé River (Fig. 4).  
2.3 Analytical work 
During the sampling campaigns in the MML and PSR, water samples for 
the different analyses were collected with a Niskin bottle near the surface 
(~0.5 m depth) and stored cool and dark until filtration. Salinity, temperature 
and oxygen concentrations were measured directly with a WTW MultiLine 
mulitparameter sensor. 
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Water samples for nutrient analyses (nitrite, nitrate, ammonium, phosphate 
and silicate) were filtered through single use membrane filters into 
prewashed PE bottles and stored frozen or fixed with mercury chloride until 
the analysis according to Grasshoff et al. (1999). Dissolved inorganic 
nutrients were analyzed using a continuous flow analyzing system (Skalar 
SAN++System). Nitrate+nitrite (NOx-), nitrite (NO2-), phosphate (PO43-) and 
silicate (Si(OH)4) were detected spectrophotometrically and ammonium 
(NH4+) fluorometrically (Grasshoff et al., 1999). Determination limits for the 
different nutrients were 0.08 μM (NOx-), 0.04 μM (NO2-), 0.05 μM (NH4+), 
0.06 μM (PO43-) and 0.17 μM (Si(OH)4) according to DIN 32645. The 
coefficient of variation of the procedure was <3.4%. 
 
For chlorophyll a (chl a) analysis, water was filtered through Whatmann 
GF/F filters which then were stored frozen until the analyses. Chl a 
concentrations were determined following the method of  Jeffrey and 
Humpfrey (1975). 
 
Analyses of particulate organic carbon (Corg) and particulate nitrogen (PN) 
of total suspended matter, sediment, soil and plant material were carried 
out by high temperature combustion using a Carlo Erba NA 2100 elemental 
analyser. For the analysis of particulate organic carbon (Corg), dried 
particulate matter (40°C) was acidified with 1N hydrochloric acid to remove 
inorganic carbon. Repeated measurements of standard samples gave a 
precision of 0.1% for organic carbon and 0.01% for nitrogen. 
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The nitrogen (15N) and organic carbon (13Corg) isotopes were determined 
with a Finnigan Delta Plus mass spectrometer coupled to a Flash 1112 EA 
elemental analyser. For the determination of 13Corg, samples were acidified 
by adding 1N HCl to remove the carbonate, and dried at 40 °C. The 
precisions of the method given by an internal standard were 0.2 ‰ for 15N 
and 13Corg.  
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3. RESULTS AND SYNOPTIC DISCUSSION 
The main focus of this thesis was to determine the influence of effluents 
from sugar cane cultivation and production on aquatic ecosystems. Two 
different aquatic ecosystems in Brazil, a rather closed lagoon system and 
an open estuary, were used as case study sites to investigate the sources, 
the transformation processes and the fate of nutrients and organic matter 
derived from sugar cane agriculture and associated industrial processes 
and their potential impact on aquatic environments. The findings of this 
study will help to understand the influence of effluents from sugar cane 
cultivation on water quality and phytoplankton composition in the lagoon 
and the estuary, respectively. Furthermore the results regarding changes in 
organic matter distribution and composition in these systems can be used 
to develop a general understanding of the effects of sugar cane cultivation 
on organic material cycling in tropical lagoons and estuaries. 
3.1 Factors controlling the availability and distribution of nutrients 
and organic matter
The input of nutrient and organic matter in coastal systems is generally 
controlled by environmental factors including precipitation, salinity, 
residence time and sedimentation. Furthermore light intensity, temperature 
and biological interactions, such as predation and competition, play an 
important role in the nutrient and organic matter cycling via uptake and  
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release by phytoplankton and biomass production (Ferreira et al., 2005; 
Wehr and Descy, 1998).  
 
Table 1: Inorganic nutrient concentrations in the upper PSR and its tributaries in 
the rainy and dry season 2008 
During the rainy season high river discharge and consequently huge water 
volumes can flush through estuaries, as it was described for the Paraiba do 
Sul River (PSR) (Krüger et al., 2004). Also during the sampling in January 
2008, high discharge rates in the PSR led to freshwater dominance at the 
stations sampled and a shift of the salinity gradient in the coastal waters. 
Inhibited intrusion of marine water into the PSR estuary caused similar 
nutrient concentrations in the upper and lower river basin (Tab. 1; Fig. 5 to 
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7). Dilution effects by nutrient-poor marine water, which generally affect 
estuarine areas, could not be observed in the inner parts of the PSR during 
sampling due to the high river discharge. Although TSM concentrations 
were high during the rainy season, the proportion of organic matter was 
only small and coincided with low chlorophyll a concentrations (Tab. 2). 
Similar trends in the PSR were already observed by Figueiredo (1999), who 
suggested that about 90% of the TSM was transported during the rainy 
season due to erosion of soil from sugar cane fields in the catchment area 
by heavy rainfall and organic matter input from field surface runoff. 
 
During the dry season when the river had low discharge, phytoplankton 
biomass increased and contributed more to organic material of the PSR, 
whereas TSM concentrations simultaneously decreased (Tab. 2). Lower 
nutrient concentrations during the dry seasons seemed to be rather a 
consequence of nutrient uptake by phytoplankton than of mixing with 
nutrient-poor marine water, as almost no salinity was measured inside the 
estuary during sampling. 
 
However, studies of other estuaries showed that mainly during low river 
discharge the intrusion of marine water can have a strong effect inside the 
estuary because of changing salinities and therefore an influence of 
processes therein (Paerl, 2009; Perez et al., 2010). Salinity can additionally 
increase in the system by evaporation, especially when the water surface to 
volume ratio is high. This effect seemed to be weakened during the night 
because of a reduced evaporation (Hollins and Ridd, 1997). 
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Table 2: Particulate matter, chlorophyll a and C/N distribution in the PSR and its 
catchment area in the rainy and dry season in 2008. 
 
 
The influence of salinity in the PSR estuary governed by the rainfall regime 
in its catchment area and the tidal intrusion is usually higher during the dry 
season (Krüger et al., 2004). Furthermore, the geomorphology of the 
system and its connection to the ocean in combination with the tidal 
amplitude are factors that influence the variation of salinity in the system 
and therefore the nutrient and organic matter distribution. In an estuary like 
the PSR, nutrients and organic material were transported to adjacent 
coastal waters mainly during the rainy season because of the high river 
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discharge. During the dry season when the river discharge and also the 
flushing rate were low, nutrients were transformed inside the system by 
phytoplankton uptake which resulted in high organic material production 
(Tab. 2). Due to the low flushing rate of the river the material might 
sediment inside the system. 
 
Not only seasonal conditions also the spatial differences play an important 
role in salinity concentrations, as it was demonstrated in the MML (Chapter 
I, Chapter II). Size and geomorphologic structure together with river 
discharge controlled the intrusion of marine water into the lagoons and 
resulted in different residence time. Long residence time in shallow systems 
like coastal lagoons favour a higher and faster biomass production and 
accumulation compared to rivers with high flushing rates (Cloern, 1996; 
Knoppers et al., 1991). The restrained exchange with marine water in these 
semi- enclosed system leads to sedimentation of dead algal material inside 
the lagoons as it could be observed in the particulate organic carbon 
content of the surface sediments in the MML (Chapter III).  
 
Key findings 
 Seasonal and spatial variations in the nutrient 
concentrations/availability of a tropical estuarine system are 
controlled by both riverine discharge and salinity intrusion. 
These variations are more pronounced in the open PSR estuary 
than in the semi-enclosed MML. 
 During the dry season, long water residence time in the MML 
and PSR cause an increased production of autochthonous 
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material and its accumulation in the sediments compared to the 
rainy season, when the systems are flushed by precipitation 
runoff. 
 
3.2 Source, sink and transformation of nutrients
Nutrient cycling in estuaries and lagoons is generally affected by inputs 
from diffuse and point sources like surface water, groundwater, 
atmospheric deposition, recycling in the water column or sediment as well 
as sewage or industrial effluents (Paerl et al., 2002; Vitousek et al., 1997). 
Diffuse sources of nutrients are of huge concern as they are usually large 
and widespread and therefore difficult to control. For example, 75% of 
nitrogen and phosphorus inputs into the Chesapeake Bay came from 
diffuse sources, whereas 25% derived from point sources (Boynton et al., 
1995).  
 
Fertilizer runoff from sugar cane fields in Brazil can be a main contributor to 
diffuse nutrient sources. Though, the use of nitrogen fertilizer (80 – 100 kg 
N ha-1 yr-1) on sugar cane fields in Brazil is low compared to other 
countries, e.g. the USA and the Netherlands with about 150 kg N ha-1 yr-1 
and 300 kg N ha-1 yr-1, respectively (Martinelli and Filoso, 2008). However, 
several studies have demonstrated that only 20 to 40% of the fertilizer is 
assimilated by the sugar cane plants, whereas a huge part remains in the 
soil (Basanta et al., 2003; Oliveira et al., 2000).  
Results and Synoptic Discussion 
 
 
27 
Phosphorus and dissolved inorganic nitrogen (DIN) in the PSR in 2008 
showed higher concentrations in the rainy season compared to the dry 
season (Tab.1) The DIN in the river consisted mainly of nitrate. This is a 
main component of the fertilizer used in Brazil (FAO, 2004). Similar results 
were also reported for the PSR in the rainy season in 2001 where nitrate 
was ~ 95% of the total DIN (Krüger et al., 2004). The high nitrate proportion 
pointed to runoff from fertilized sugar cane fields and from nearby areas 
due to precipitation as it was suggested by Carvalho et al. (1995). 
Increased phosphate concentrations in the PSR estuary during the rainy 
season can be similar to nitrogen a result of surface runoff from the soils in 
the drainage basins, as phosphorus is a content of the fertilizers used for 
the sugar cane cultivation (Fig. 6). 
 
Nitrogen concentrations in the MML showed similar trends, mainly at the 
beginning of the dry season, with high proportions of nitrate in the rivers 
which drain into the lagoons (Chapter I, II). Becaused of heavy rain 
showers some days before the sampling outwash from the fertilized sugar 
cane soils seemed to be the source for the nitrogen input.  
 
Usually, studies have focused on DIN as nutrient source in aquatic 
environments, but several works have shown that dissolved organic 
nitrogen (DON) comprises a larger part (up to 70%) of the total dissolved 
nitrogen pool (Lewis et al., 1999; Meybeck, 1982; Seitzinger and Sanders, 
1997). 
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Figure 5: Nitrogen concentrations (average + SD) and distribution in the PSR 
estuary (main channel and second channel) and the ocean in the rainy 
and dry season in 2008. 
 
In Brazil, vinasse and bagasse, which are dissolved and particulate organic 
by-products of the sugar and alcohol production, are additionally used as 
fertilizer on the fields in the catchment area of the rivers. During processes 
like ammonification and nitrification, DON from organic fertilizers can be 
converted into ammonium by bacteria. This can further be oxidised to 
nitrate which was measured in high concentrations in the PSR estuary (Fig. 
5). Similar results could be found e.g. in the Piracicaba River in south 
Brazil. In this region sugar cane is the main land use and about two-thirds 
of the average total nitrogen export consisted of DON (Filoso et al., 2003). 
These findings support the suggestion that high DON concentrations from 
sugar cane cultivation can strongly contribute to the TDN pool in these 
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systems. Consequently, besides DIN from fertilizers also organic nitrogen 
from sugar cane cultivation could add to the nitrogen concentrations in 
these areas. 
 
 
Figure 6: Phosphate concentrations (average + SD) and distribution in the PSR 
estuary (main channel and second channel) and the ocean in the rainy 
and dry season in 2008. 
 
Groundwater and atmospheric input can also be sources for elevated 
nitrate concentrations in the PSR and in the MML during the dry season 
(Fig. 5; Chapter II). Groundwater can receive increased nutrient loads due 
to fertilizer use in sugar cane agriculture. During the season of low river 
discharge, nutrient enriched groundwater has more time to mix with water 
in the system, which could lead to high nitrate concentrations. Elevated 
inputs of enriched groundwater into the aquatic environment can increase 
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DIN concentrations and therefore, affect algae growth and biomass 
production (Laroche et al., 1997).  
 
Atmospheric deposition after sugar cane burning at the beginning of the dry 
season which is an usual procedure in the northeast and southeast of 
Brazil can also increase the nutrient availability in adjacent ecosystems. 
Phosphate and nitrate are already known as sources for additional nutrient 
contribution to a system either adsorbed to fine particles or from particles of 
nitrous oxides in the atmosphere. It is estimated that 20 – 40% of 
atmospheric nitrogen from industrial, agricultural or urban sources is added 
to estuarine and coastal waters (Driscoll et al., 2001; Fisher and 
Oppenheimer, 1991; Paerl, 1995). Pearl (1997) demonstrated 
experimentally that rainwater can noticeably contribute to the nitrogen pool 
due to its enrichment in DIN.  
 
Sugar cane factories in Brazil work mainly during the harvesting season. 
Nutrient enriched effluents from waste waters, released from the washing of 
sugar cane stems in the mills and from processes during the sugar and 
ethanol production, are drained into the adjacent rivers. These nutrient 
input can contribute to the total nutrient pool, but it is probably of minor 
importance in the course of a whole year because it is often a small and 
only temporal supply. Although nutrient concentrations from samples in the 
PSR and Paraiba do Meio collected in direct adjacency to sugar cane 
factories were not noticeably enriched compared to the other river water 
samples maybe because of the fast mixing with this water.  
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Silicon is not directly linked to eutrophication in aquatic environments 
because chemical weathering of silicon rocks and minerals as the main 
sources of dissolved silica, in rivers, are natural and not man made (White 
and Brantley, 1995). Tropical river basins are important regions for the 
transport and chemical weathering processes of dissolved silica due to their 
climate conditions. Therefore, tropical rivers have generally higher 
dissolved silica concentrations compared to temperate systems 
(Jennerjahn et al., 2006). But in combination with an enrichment of nitrogen 
and phosphorous it can lead to fast phytoplankton production (Chapter I). 
 
 
Figure 7: Silicate concentrations (average + SD) and distribution in the PSR 
estuary (main channel and second channel) and the ocean in the rainy 
and dry season in 2008. 
 
The PSR and the rivers of the MML showed dissolved silicate 
concentrations between 62.3 and 239.7 μM and 58.8 to 440.8 μM, 
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respectively (Tab. 1, Fig. 7, Chapter I, II). The observed values fit into the 
amount described for tropical rivers, which have an average concentration 
of ~ 190 μM (Jennerjahn et al., 2006). The high silicate values in the MML 
and in the PSR are likely a result of soil leaching in these areas, where 
latosols, which are rich in silicon, are the main soil type covering the 
catchment areas of the rivers (Carvalho and Torres, 2002; Oliveira and 
Kjerfve, 1993; Scheffer and Schachtschabel, 2002). Higher concentrations 
in the PSR during the dry season can be the result of the longer residence 
time and, therefore, of a better interaction between groundwater and 
coterminous soil systems (Fig. 7). These exposures can lead to an increase 
in dissolved silicate concentration, as it was suggested by Carvalho et al. 
(1995).  
 
Moreover, the recycling of diatom shells can be an additional source to the 
high concentration of silicate in waters. Diatoms occurred in high 
abundance in the MML during the different seasons and the enrichment 
with nitrogen and phosphorus favored diatom growth because of the high 
silicon availability (Chapter I). Sugar cane, which is cultivated in the 
surrounding areas and hinterland of the MML and the PSR, can uptake 
silicate and store it mainly in its leaves in the form of phytoliths (Keeping et 
al., 2009; Savant et al., 1999). After the burning of the plants, which is an 
usual procedure in the northeast and southeast of Brazil, the sugar cane 
ash and also the sugar cane organic material, which is produced during the 
processing in the sugar cane factories, still contain silicon (Keeping et al., 
2009; Le Blond et al., 2010). Used as organic fertilizer, sugar cane fibres 
are recycled in the fields and make silicon again as an available nutrient.  
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Water hyacinth blooms were frequently observed in September and 
October in the river and the transition zone in MML (Chapter I, II). Water 
hyacinths extract nutrients from the water and accumulate silicate in their 
root tissues (Rodriguez et al., 1998). Uptake by plants and release of 
silicate from decaying plant material can affect the silicate pool in the water 
column on a temporal scale. However, the recycling of silicate compared to 
nitrogen and phosphorus generally takes more time in an aquatic 
environment and leads to longer silica retention in the sediment and, 
therefore, in the system (Conley et al., 1993).  
 
Nutrients released from the sediments during resuspension are a further 
important nutrient source in shallow coastal ecosystems. Its magnitude is 
dependent on wave actions and mixing processes in the water column 
triggered by the tide. Nutrients, which are stored in the sediments and/or 
which get recycled in the interface between surface sediments and the 
water column due to biodegradation of dead and sunken organic matter, 
can be resuspended and become available in the water column (Eyre and 
Ferguson, 2002; Trimmer et al., 1998). This effect was observed in the 
channels of the MML where tidal intrusion led to resuspension and thus an 
increase in nutrient concentration (Chapter II).  
 
Biogeochemical processes, e.g. nitrification, denitrification or nitrogen 
fixation as well as accumulation, can remove nitrogen and phosphorus from 
the aquatic systems (e.g. Nixon et al., 1996 and references therein). In 
relation to eutrophication, nutrient enrichment can lead to intensive 
biological transformations due to e.g. primary production and also 
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degradation of organic material as demonstrated in the enrichment 
experiment and the sediments of MML (Chapter I, III). These 
transformations can modify the system through subsequent processes. 
Bound in organic matter, the nutrients can retain for a short time in the 
system before they get released from degraded material through the 
microbial loop and again available for phytoplankton (Seitzinger et al., 
2002b).  
 
Nutrients from fertilizer runoff of leached agricultural soils can reach 
estuaries and lagoons and support the phytoplankton growth and organic 
matter accumulation in these areas as it was simulated in the enrichment 
experiment (Chapter I). Enrichment with nitrogen and phosphorus together 
resulted in highest total biomass indicating a synergetic effect (Chapter I). 
However, the disproportional N loading from anthropogenic input can also 
increase the potential for a periodic phosphorus limitation in a system 
(Sylvan et al., 2006).  
 
However, low nutrient concentrations can be a huge advantage for 
functional groups that can fix atmospheric nitrogen, such as cyanobacteria 
in the MML, which can use this nitrogen directly for their metabolism. 
Thereby fixed N2 gets reduced to NH3, NH4+ or organic nitrogen compounds 
which can in parts directly be released as shown during the bloom of the N-
fixing cyanobacterium Trichodesmium (Capone et al., 1994; Glibert and 
Bronk, 1994). Thus, additional nutrients can be added to the system and 
alterations in water chemistry and consequently in the biogeochemistry can 
be detected (Anderson et al., 2002). 
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Temporal nutrient pulses or elevated nutrient concentration is the result of 
fertilizer use in sugar cane cultivation. This in turn can diminish the existing 
nutrient limitation and result directly in phytoplankton growth and increased 
biomass as observed in the MML (Chapter II). These new autochthonous 
material can also be registered as elevated organic carbon content in the 
TSM of the water column and in the surface sediment of the system (Table 
2; Chapter III).  
 
Mallin et al. (1993) demonstrated that nitrate components from fertilizer 
outwash, due to rainfall in the upper watershed of the Neuse river, were 
directly related to primary production in the lower reaches of the estuary. 
However, results from PSR indicated that high nutrient concentrations 
during the rainy season are not always linked to a high primary production, 
because the flushing rate of the river and the turbidity transported huge 
sediment loads and hampered the production of chlorophyll a, which 
resulted in low phytoplankton biomass (Tab. 2). In contrast, elevated nitrate 
concentrations in the MML enhanced the phytoplankton growth, which 
resulted in high biomasses and its accumulation in the system due to high 
residence times (Chapter I, II, Cloern, 1996; Knoppers et al., 1991). 
 
However, not only the nutrient concentration, but also the composition of 
the available nutrient pool plays an important role for phytoplankton species 
abundance and composition. Klausmeier et al. (2004) showed that the 
widely accepted Redfield ratio for nitrogen to phosphorus of 16 represents 
an average N:P ratio for marine phytoplankton which can vary strongly on a 
species-specific level. Rhee (1978) showed the N:P ratio of 30 is best for 
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the Scenedesmus development. Results from the growth of chlorophytes at 
high N:P ratio in the enrichment experiment with a natural community from 
the MML agreed with these findings (Chapter I). 
 
Alterations in the nutrient stoichiometry due to human activities in coastal 
ecosystem or the hinterland may modify natural phytoplankton 
communities, which can support harmful or potentially toxic algae blooms 
with subsequent cascading impacts on higher trophic levels in the food web 
(Glibert, 2007 and references therein; Humborg et al., 1997; McClelland 
and Valiela, 1998). Phytoplankton species in the MML shifted mainly 
between diatoms and cyanobacteria depending on the season and nutrient 
input from the fertilizer application (Chapter I). It was observed that 
cyanobacteria bloom frequency increased throughout the year inside the 
MML. Thereby the dominant cyanobacteria species were Anabaena 
spiroides and Microcystis aeruginosa which reached chlorophyll a 
concentrations of up to 800 μg l-1 (Medeiros, 1996; Melo-Magalhaes et al., 
1998). 
 
In contrast to temperate regions, high silicate concentrations in tropical 
aquatic systems hamper the growth of nuisance algae as long as nitrogen 
and phosphorus are above the threshold level for phytoplankton 
requirements, because diatoms can immediately outcompete other algal 
groups, if N or P are supplied (Chapter I). This is supported by the results 
from other studies, where it was found that high nutrient concentrations 
affect phytoplankton communities and available silicate favors diatom 
growth (Del Amo et al., 1997a; Del Amo et al., 1997b; Fouillaron et al., 
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2007; Piehler et al., 2004 and references therein). But the enhancement of 
phytoplankton biomass could further result in self shading and act as a 
principal component that can repress phytoplankton growth (Cloern, 1999; 
Cullen and Lewis, 1988).  
 
Salinity, which usually can be linked to nutrient-low marine water, seems to 
be another important factor for the shift of phytoplankton composition and 
diversity in brackish water systems (Kies, 1997; Kirst, 1989; Muylaert and 
Sabbe, 1999; Rijstenbil, 1988). Strong temporal changes in tidal intrusion in 
the MML affected salinity and nutrient availability and consequently the 
phytoplankton communities. Highest phytoplankton diversity was detected 
in the incoming rivers dominated by typical freshwater species whereas 
lowest phytoplankton diversity and species abundance were observed 
under brackish water conditions in the MML (Chapter II). Nutrient limitation 
in these areas is usually controlled by freshwater discharge, enhancing the 
system with nutrients from the catchment area.  
 
Water bodies at the freshwater-marine water interface like estuaries and 
semi- enclosed coastal lagoons can act as filters for incoming nutrients and 
organic matter and therefore be considered as sink which mainly depends 
on the season and the residence time of the water. These findings were 
detected in the PSR and the Manguaba lagoon during the dry season with 
low flushing rates and high chlorophyll a concentrations due to algal 
biomass production (Tab 1; 2; Chapter I). But they can also act as source 
of nutrients and organic matter due to the out wash of the material into the 
adjacent coastal waters which depends on the tidal export like in the 
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Mundau lagoon or on high river discharge, like in the PSR during the rainy 
season (Tab. 1; Chapter II).  
 
 
Key findings 
 Fertilizer runoff from sugar cane fields in Brazil is an important 
diffuse source of nutrients to estuarine and coastal systems, 
especially during the rainy season, when fertilizers are washed 
out from the fields into the estuary.  
 Diffuse sources from sugar cane cultivated areas contribute 
more to nutrient availability in the MML and PSR than punctual 
sources like sugar cane factory effluents.  
 Seasonality and geomorphology are the key factors that rule the 
retention, dilution and biomass production in the MML and PSR. 
During the rainy season, high river discharge in the PSR export 
nutrients and organic matter to adjacent coastal waters. In 
contrast low river discharge during dry season leads to 
retention of nutrients and organic matter inside both systems, 
the MML and PSR. 
 The nutrient enrichment experiment suggests that high fertilizer 
input from sugar cane cultivation changes the nutrient ratio in 
the system, which results in a phytoplankton shift and promotes 
diatom growth due to high silicate concentrations in tropical 
aquatic environments. 
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3.3 Composition and distribution of organic matter 
The composition of particulate suspended and sedimentary organic matter 
contains information of organic material sources, as well as their mixing in 
the system and subsequently their deposition in the sediment and 
degradation (Budge and Parrish, 1998; Heip et al., 1995). In the MML, 
signals from sugar cane were detected, either from plant material or by-
products from sugar cane processing in the fields or from the soils of sugar 
cane cultivation areas (Chapter III).  
 
Additional sources from autochthonous production of phytoplankton and 
waste water material from the city of Maceio formed parts of the particulate 
material in the lagoons (Chapter III).These findings were also described for 
the MML by Costa et al. (2011), who used lipid biomarkers as indicator. 
Seasonal differences resulted in a higher phytoplankton biomass 
production at the beginning of the dry season (Chapter II). Due to a longer 
residence time in Manguaba lagoon and also higher productivity, more 
sedimentary organic matter was detected there. In contrast, the higher 15N 
values in the surface sediments of the Mundau lagoon pointed to sewage 
input, which was also detected in the TSM of the water column (Chapter 
III). Usually, most of the labile living material, e.g. bacteria and plankton is 
recycled fast with parts of detritus (Laane et al., 1987). 
 
High TSM in the PSR during the rainy season in combination with low 
organic matter content pointed to high sediment or soil material loads in the 
river (Tab. 2). Stable carbon and nitrogen isotopes in the PSR suggested 
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outwash from sugar cane fields and soil runoff, which were transported 
directly to the sea by high river discharge.  
 
Material transport in small and midsized rivers has been often 
underestimated in the calculations of budgets as it was shown that e.g. 
their sediment load is much larger than those of major rivers (Milliman and 
Syvitski, 1992). Particulate organic matter in rivers can contribute to the 
total organic export in a range from 4% to 97% depending on the river type 
(Golladay, 1997; Jacobson et al., 2000). The annual organic carbon 
transported by rivers is about 0.4 Gt, in which the higher proportion is 
dissolved material (Hedges et al., 1997; Ludwig et al., 1996). 
 
High C/N ratios and 13Corg of TSM in the PSR indicate that the material 
was composed of both phytoplankton and terrestrial organic matter (Fig. 8, 
Tab. 2). The high 15N values in the PSR coincided with high nitrate 
concentrations and high chlorophyll a values during the dry season. Strong 
interactions between groundwater and river water in the PSR can lead to 
an enrichment of 15N as groundwater of farmland can have an 15N-NO3 up 
to 8.9‰ (Li et al., 2007). Further fractionation of the nitrate by 
phytoplankton can increase the 15N as it was suggested for high 15N 
values of the TSM in the MML (Chapter III). Thus, substantial changes in 
estuaries and coastal lagoons, mainly due to anthropogenic environmental 
changes, will affect the biogeochemical cycle in these systems and 
consequently in the adjacent coastal ocean. 
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Figure 8: Stable organic carbon and nitrogen isotope distribution of the PSR, its 
tributaries, the mangrove channel and the ocean in the rainy (a) and dry 
(b) season 2008 and potential end members. Values for sugar cane, 
bagasse, sugar cane soil, mangrove leaf and mangrove soil are given in 
averages (+ SD) in figure 8a. 
 
 
Key findings 
 Sugar cane plant and soil material contributes to the total 
suspended matter in the MML and PSR. 
 During the dry season, the MML and PSR act as filter for organic 
material derived by sugar cane cultivation. During the rainy 
season, soil and organic material derived from sugar cane fields 
are exported directly from the PSR to adjacent coastal waters. 
a) b) 
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3.4 Implication of results
Several studies deal with nutrient enrichment by land use changes and 
fertilizer application in tropical regions, but information about the impact of 
agricultural intensification from sugar cane cultivation on aquatic 
environments in Brazil and its consequences are scarce (Barros et al., 
2010; Carreira et al., 2002; Jennerjahn et al., 2004; Seitzinger et al., 
2002a). The nutrient concentration and distribution as well as the 
characterization of TSM and sediment indicated an impact of sugar cane 
agriculture on aquatic environments like it was shown for the case study 
sites, MML and PSR. Thereby the impact from diffuse sources like organic 
and inorganic fertilizer input seemed to be more important than effluents 
from sugar cane factories. These nutrient concentrations directly influenced 
phytoplankton biomass and diversity in the system (Chapter I, II).  
 
However, it was also shown that annual changes of material transport and 
nutrient concentrations were caused by a combination of biological and 
physico-chemical processes. Seasonal variations, salinity, river discharge 
and the geomorphology of the system are important factors which affect 
dynamics in these aquatic systems (Tab. 1, 2, Chapter II). These processes 
coupled with phytoplankton abundance, control transformation, retention 
and release of nutrients and organic matter in these aquatic environments. 
Human impact due to an enrichment of nutrients which are usually natural 
compounds of the system may modify the properties of the system. 
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Rather closed systems, like shallow coastal lagoons, can act as a filter and 
retain nutrients and allochthonous material in the system as they are 
removed from the water column by sedimentation (Chapter III). This can 
consequently result in a high production potential to transform and degrade 
organic material before it reaches the open ocean. In contrast, during times 
of high river discharge in the rainy season, open estuaries can transport 
nutrients and material directly to coastal zones with low productivity inside 
the river-estuarine system. As a consequence the balance of the 
biogeochemical cycling in the coastal zone can be disturbed and change 
the abundance and composition of phytoplankton communities. This can 
further result in changes of the subsequent food web (Cloern, 2001; 
Sommer et al., 2002).  
 
 
3.5 A global view on eutrophication 
 
In general, nitrate concentrations in the MML and PSR were above the 
level described for rivers with only low impact by agriculture like the 
Amazon River in Brazil (GEMS, 2002). But many coastal systems have 
experienced increased nitrate concentrations due to fertilizer runoff from 
agricultural dominated catchment areas in tropical to temperate regions. 
Rivers like the Brantas River, Indonesia, and the Changjang River, China, 
showed nitrate concentrations which were similar to that measured in the 
PSR during the rainy season (Jennerjahn et al., 2004; Liu et al., 2003). 
Much higher concentrations were observed in the Pinios River, Greece, in 
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the Schelde or the Rhine estuary, Netherlands (Bellos et al., 2004; GEMS, 
2002; Kromkamp and Peene, 1995). 
The considerably low nitrate concentrations in the MML and the PSR during 
the dry season coincided with high phytoplankton biomass and were a 
result of reduced fertilizer runoff and uptake by algae. The phytoplankton 
biomass mainly in the MML was in the upper range compared to values of 
other coastal ecosystems such as the Patos Lagoon, Brazil, the estuary of 
the subtropical Tamsui River, Taiwan, the Guadiana estuary, south-west 
Iberia, and Bizerte Lagoon, western Mediterranean (Abreu et al., 1995; 
Domingues et al., 2005; Hlaili et al., 2006; Wu and Chou, 2003). The 
enhanced phytoplankton biomass was mainly the result of long residence 
time in combination with high silicate concentrations which fit into the 
values described for tropical rivers (Jennerjahn et al., 2006). An enrichment 
of nutrients by high fertilizer runoff from sugar cane fields will consequently 
change the nutrient ratio in the system and play an important role for the 
entire food web dynamics. A change in phytoplankton composition towards 
non biomineralizing communities as observed in many temperate regions is 
not to be expected in these tropical systems because of the high silicate 
supply. 
 
In conclusion, phytoplankton biomass and composition in combination with 
nutrient concentration can be useful to identify trophic conditions of a 
system. But also variations in the season should be considered for the 
characterization of the system. Although nitrate and phosphate 
concentrations in the MML are low, the high phytoplankton biomass even 
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during the dry season determined eutrophic conditions in the lagoons. The 
nutrient concentrations in the PSR during rainy season were similar to 
those of the Brantas River which is under heavy human impact. Both the 
MML and PSR seemed to be impacted by sugar cane cultivation depending 
on the season, which lead to eutrophic conditions in the system with 
potential consequences for the adjacent coastal waters. 
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4. PERSPECTIVES 
 
Most of the studies dealing with nutrient and organic matter dynamics and 
fluxes in coastal areas focused on large rivers, like the Amazon and Sao 
Francisco River in Brazil (Dagg et al., 2004; Hedges et al., 1986a; 
Knoppers et al., 2006). However, there is a deficit regarding information on 
the contribution of nutrients and organic matter from medium and small 
sized rivers or lagoons to the ocean. Therefore quantification of nutrient 
loads from effluents of sugar cane cultivation areas would be necessary to 
calculate budgets in order to estimate their contribution to global budget.  
 
The increasing demand of sugar and biofuel in Brazil and probably 
worldwide, will lead to an increase of cultivation areas and fertilizer 
application in future. Atmospheric input in sugar cane cultivation areas, 
runoff from diffuse and point sources as well as the transport of plant and 
soil material into the systems will further increase nutrient and organic 
matter concentrations in the sea water on a global scale and cause 
eutrophic conditions with several ecological consequences like e.g. 
hypoxia. The determination and control on point sources is relatively easy, 
but future control needs to be concentrated on diffuse terrestrial and aerial 
inputs.  
 
Besides inorganic nitrogen and its interactions, main emphasis of future 
research should focus on organic nitrogen, as it can be available in great 
proportions and influence primary production and diversity (Berg et al., 
2001; Seitzinger et al., 2002b). However, ecosystems are variable in 
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sensitivity and in response to enhanced nutrient loads, which can lead to 
changing trophic states and different degrees of ecosystem resilience. This 
can mainly be due to the complex interaction of light and nutrient limitation 
as well as the influence of residence time and ecological interactions of 
phytoplankton biomass to nutrient enrichment, which will affect the export 
of nutrients and phytoplankton biomass to the adjacent ocean (Cloern, 
2001). 
 
Changes in the abundance and composition of phytoplankton communities 
will also occur due to changing nutrient ratios from fertilizer application and 
its runoff. This can lead to the appearance of noxious algal blooms as 
observed e.g. in the Gulf of Mexico, USA (Dortch et al., 2000). This will 
further result in changes of the subsequent food web due to low quality 
food (Cloern, 2001; Sommer et al., 2002). However HABs can also have 
serious effects in fish kills because of toxin production and thus affect the 
local population. 
 
It seems that a linear response of nutrient loads to eutrophication does not 
occur in such systems, because of their high complexity (Howarth and 
Marino, 2006). These systems can function like a buffer for the incoming 
material due to a natural assimilative capacity. However, the effects of 
eutrophication resulting from sugar cane cultivation could exceed this 
buffering function. As a consequence nutrients and total suspended matter 
are transported directly to adjacent coastal waters and the balance of the 
biogeochemical cycling in the coastal zone can be disturbed.  
 
Perspectives 
 
 
48 
Thus, it is necessary to understand the ecosystem functioning and the 
interaction between phytoplankton primary production and nutrient patterns 
throughout the year to develop appropriate management strategies. 
Additionally, management strategies in Brazil should implement the 
reduction in fertilizer application as well as treatment of sewage and waste 
water from soil runoff and factories. This in the end can improve the nutrient 
and organic matter balance in the aquatic systems and lower the risk from 
the negative consequences like HABs and hypoxic or anoxic conditions. 
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ABSTRACT 
During the dry season in October 2008 spatial variations in dissolved 
inorganic nutrients and the phytoplankton community in the Manguaba 
lagoon, affected by sugarcane monoculture, were studied to determine the 
effects of agricultural effluents on nutrient dynamics and phytoplankton 
biomass. Dissolved inorganic nitrogen and phosphate are with 14.9 and 2.8 
μM highest in the river and decreased seaward. The same trend was 
observed for silicate ranging between 27.6 and 440.9 μM. Total 
phytoplankton biomass in the lagoon reached up to 2.4 * 103 mg C L-1. In 
order to simulate nutrient inputs from agriculture and the response of 
phytoplankton enrichment experiments were conducted, resulting in an 
immediate respond of phytoplankton communities to additions of nitrogen 
and phosphorus. High Si:N and Si:P ratios favour the growth of diatoms. 
Thus, altered nutrient ratios due to excessive agricultural runoff from sugar 
cane fields in the system play an important role for the entire food web 
dynamics in the lagoon. 
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INTRODUCTION
 
Coastal lagoons are shallow ecosystems which are highly productive and 
characterized by high nutrient input from river discharge and a limited 
exchange with the ocean (Knoppers et al., 1991; Taylor et al., 1995). High 
nutrient inputs into these lagoons are often due to human activities in the 
hinterland such as agriculture, discharge of untreated sewage or industrial 
effluents. Hence, resulting high nitrogen and phosphorus loads can lead to 
eutrophication (Filoso et al., 2003; Turner and Rabalais, 1994; Turner and 
Rabalais, 2003). Eutrophication affects nutrient stoichiometry and results 
consequently in enhanced phytoplankton biomass (Sutcliffe and Jones, 
1992) and changes in phytoplankton species composition (Duarte et al., 
2000). Negative effects of eutrophication on ecosystems like harmful algal 
blooms, hypoxic events or the degradation and loss of seagrass beds have 
been reported (McGlathery, 2001; Rabalais et al., 1996; Zhang et al.,   
2010). 
 
Coastal lagoon phytoplankton communities are often highly diverse as they 
are composed of freshwater and marine species. Phytoplankton dynamics 
are controlled by environmental factors including light intensity, 
temperature, salinity, sedimentation, nutrients and biotic interactions such 
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as predation and competition (Ferreira et al., 2005; Wehr and Descy, 
1998). In tropical areas seasonal variations in light and temperature are 
often small. Therefore variations in nutrient amount and composition are 
the major controls of phytoplankton biomass and species composition. 
 
Phytoplankton on average requires dissolved inorganic nitrogen (DIN) and 
phosphate (PO4) in the ratio of 16:1 noted as the Redfield ratio for best 
growth (Klausmeier et al., 2004)). Optimum silicate (Si) uptake for diatoms 
in relation to nitrogen is around a ratio of 1:1 (Rahm et al., 1996). However 
nutrient consumption can vary among species, depending on species-
specific nutrient uptake kinetics, storage capacities and assimilation 
(Tilman et al., 1982). 
 
In tropical marine regions nitrogen limitation is particularly widespread and 
often controls primary production (Quiblier et al., 2008). An input of 
anthropogenic nitrogen and phosphorous by rivers into coastal ecosystems 
will also lower the Si:N and Si:P ratios in these systems and thereby 
influence phytoplankton species composition, especially in diatom 
dominated communities (Conley et al., 1993).  
 
Mainly during the last decades of the 20th century human activities may 
have changed the nutrient availability in aquatic coastal ecosystems of 
Brazil considerably. For the production of ethanol as an alternative fuel in 
the automobile sector the cultivation of sugar cane was expanded from 2 
million ha to 7 million ha (UNICA, 2001). Therefore further needs of 
agricultural area led to deforestation. Additionally, intensive use of 
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fertilization on the sugar cane fields and high productivity in the sugar cane 
industry followed. These activities resulted in high N discharge rates into 
rivers draining watersheds or passing by factories where industrial 
wastewaters are released (Filoso et al., 2003; Martinelli and Filoso, 2008). 
 
An increase of phytoplankton biomass resulting from eutrophication is often 
accompanied by shifts in species composition and a reduction in species 
diversity. But there are various other factors controlling the phytoplankton 
biomass and community composition in coastal ecosystems. As yet little is 
known on the impact of effluents from sugar cane monoculture on the 
amount and composition of nutrient availability and subsequent effects on 
phytoplankton distribution and composition in lagoons and adjacent coastal 
waters in Brazil. The shallow coastal Manguaba lagoon which is affected by 
sugar cane monocultures in its catchment area was used as a case study 
site. 
 
The objectives of this study were: 
(i) to estimate the spatial variation of nutrient availability in the 
Manguaba lagoon affected by freshwater discharge and tidal 
variation during times of low precipitation, 
(ii) to assess the response of phytoplankton community from 
Manguaba lagoon to nitrogen and phosphorus during an 
enrichment experiment in order to simulate high nutrient 
input from sugar cane monoculture. 
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STUDY AREA 
 
The Mundau Manguaba lagoon complex is located in northeast Brazil, in 
the state of Alagoas (latitudes 9°35’ and 9°36’S, longitudes 35°44’ and 
35°58’W). It consists of two lagoons which are connected to each other by 
a narrow channel system fringed with mangroves and connected to the 
ocean (Fig. 1). The channels of the two lagoons are separated in a joint 
outlet by a sand bar and discharge into the ocean. The area of the whole 
system is 79 km2 with an average depth of 2 m. The Manguaba lagoon has 
an area of 43 km2 and is surrounded by sugar cane fields (Oliveira and 
Kjerfve, 1993). The Paraiba do Meio and Sumauma rivers discharge 17.6 
m3s-1 and 5.0 m3s-1, respectively, into the Manguaba lagoon (Oliveira and 
Kjerfve, 1993; Souza et al., 2003).  
 
The tropical climate is characterized by a dry season from September to 
February and a rainy season from March to June with an average annual 
precipitation of 1654 mm (Fig. 2). Rainfall strongly influences the lagoon by 
freshwater and sediment transport from the rivers while during the dry 
season the system is mainly controlled by the semi – diurnal tides because 
of low river flow. Most of the tidal energy dissipates in the connecting 
channel between the ocean and the lagoon. According to this effect in 
combination with the size of the lagoon, the Manguaba lagoon has an 
average residence time of around 5-7 weeks (Oliveira and Kjerfve, 1993). 
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Figure 1: Map of the investigated area, Mundau Manguaba lagoon system, in 
northeast Brazil. Black points () denote sampling stations along the 
gradient, the arrow () shows the station where the water was taken for 
the enrichment experiment, white areas () around the lagoons 
represent sugar cane fields. 
 
Over the last three decades human activities and mainly the cultivation of 
the sugar cane has more than doubled (Macedo et al., 2008). The 
attendant increase in fertilizer use and population growth have probably 
increased the nutrient loads of the rivers. In northeast Brazil which is the 
second largest sugar cane production area of the country the planting and 
simultaneously the fertilization of sugar cane starts at the end of the dry 
Chapter I 
  
72 
season in January to March. At the beginning of the dry season in 
September/October the harvesting of sugar cane and subsequently the 
sugar production in the factories starts.  Mainly during the first weeks of the 
rainy season after the out washing of e.g. fertilizers from the soils increased 
nutrient availability in Mundau Manguaba lagoon is expected. 
 
 
MATERIAL AND METHODS 
Field sampling and sample preparation 
Samples were taken along a salinity gradient. According to hydrodynamic 
and geographical characteristics the lagoon system is divided into three 
different units: the channel (estuary), the lagoons and the river (Fig. 1). 
Water samples for nutrients, chlorophyll a and phytoplankton were 
collected near surface (~ 0.5 m depth) in October 2008 (Oct 08). Samples 
were taken with a Niskin bottle and kept dark and cool until filtration. Water 
samples for nutrient analysis were filtered through single use membrane 
filters (0.45 μm pore size) into prewashed PE bottles, fixed with mercury 
chloride solution and kept frozen until analysis. Water for chlorophyll a 
determination was filtered through Whatmann GF/F filters and stored frozen 
until the analysis. Samples for the determination of phytoplankton 
composition and biomass were sampled directly from surface water with 
250 ml brown glass bottles. The phytoplankton samples were fixed with 
Lugol´s iodine and kept in darkness.  
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Figure 2: Monthly precipitation (continuous line) and temperature (dashed line) in 
the investigated period 2008 and sugar cane cultivation cycle in this 
region. 
 
Experimental design and sampling 
To experimentally investigate the situation with a potential high nutrient 
input into the Manguaba lagoon and hence changes in stoichiometry, we 
carried out a controlled enrichment experiment in laboratory mesocosm 
systems. For that purpose 150 liters of surface water were taken at one 
station in the Manguaba lagoon (latitudes 9°42.090, longitudes 35°52.843) 
on 13th October 2008 in the beginning of the dry season where low nutrient 
concentrations in the lagoon were expected. The sampled lagoon water 
was filtered through a 200 μm mesh nylon gauze to remove large 
zooplankton.  
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The samples were moved to 10 litre polyethylen (PE) mesocosms and held 
in the laboratory under equal temperature and light conditions for 8 days 
with an average temperature of 26.2°C which is similar to the water 
temperature in the lagoon. The mesocosms were enriched with nutrients 
and the following treatments were established: (I) control, (II) enriched with 
40 μM phosphorus (KH2PO4) (+P), (III) enriched with 50 μM nitrogen 
(NaNO3)(+N) and (IV) enriched with 40 μM phosphorus (KH2PO4) and 50 
μM nitrogen (NaNO3) (+NP) every second day. We replicated each 
treatment three times and in total the set up existed of 12 mesocosms.  
 
Water of each treatment was sampled in the beginning, every second day 
immediately before enriching and at the end of the experiment. To reduce 
sedimentation processes the mesocosms were shaken manually several 
times per day. Natural light and day-night conditions were ensured. The 
water was analysed for nutrients and chlorophyll a every second day. Total 
algal biomass and phytoplankton species composition was determined in 
the beginning and at the end of the experiment. 
 
 Analyses 
Salinity, temperature, pH and dissolved oxygen of the surface water were 
measured directly with a WTW MultiLine mulitparameter sensor. Dissolved 
inorganic nutrients (nitrite, nitrate, ammonium, silicate and phosphate) of 
surface water were determined according to Grasshoff et al. (1999). 
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Chlorophyll a was determined spectrophotometrically after extracting from 
filters in 90% acetone for 24h at 4°C in darkness (Jeffrey and Humphrey, 
1975). Phytoplankton was identified and counted with an inverted Zeiss
Axiovert 200 microscope according to Utermöhl (1958). After sedimentation 
in the chambers, at least 400 cells were counted to keep a counting 
precision of ± 10% (Lund et al., 1958), if possible. Biovolume of the species 
was calculated using geometric configurations (Hillebrand et al., 1999) and 
converted into biomass and cell carbon content (Cc) according to Rocha 
and Duncan (1985). The equation Cc = aVb was used for the inverted 
microscopy with a = 0.12 and b = 1.051. Phytoplankton composition will be 
represented in the following taxonomic classes: Cyanophyta, 
Bacillariophyta and Chlorophyta. 
 
Statistics
A one-way analysis of variance (ANOVA) was used to test differences in 
phytoplankton cell density during the experiment. These differences 
between the start and the end of the enrichment in all treatments were 
tested by an additional Post-hoc Tukey´s test. The relationship between 
diatom fraction and diatom biomass with nutrients and nutrient ratios were 
determined using Pearson correlation. All tests were carried out in 
STATISTICA 9. 
 
 
 
 
Chapter I 
  
76 
RESULTS 
Variation in physico-chemical properties, nutrient concentrations and 
ratios
Water temperature in the Manguaba lagoon system was on average 28.3 
°C with lowest values in the channel connecting the lagoon with the ocean. 
Salinity varied between 0.1 and 18.1. The average pH was 8.0 (Tab. 1). 
Nutrient concentrations in Manguaba lagoon showed spatial patterns and 
fluctuated with the tide. Therefore highest nutrient concentrations (DIN, 
PO4, Si) were measured in the Paraiba do Meio while they declined 
downstream in the lagoon and reached lowest values close to the shore 
(Fig. 3). 
 
The composition of DIN varied in the Manguaba system. Nitrite 
concentrations in the system were <1.0 μM. The ammonium concentration 
(1.5 μM) in the Paraiba do Meio was much lower than nitrate (13.0 μM) and 
declined towards the ocean. Very high silicate concentrations (440 μM) 
were measured in the Paraiba do Meio and decreased seaward. The 
nutrient peak measured inside the Manguaba lagoon had maximum 
concentrations of phosphate (2.2 μM) and DIN (26.8 μM; Fig. 3). The high 
silicate concentrations in the system resulted in high average dissolved 
Si:N ratios which increased from river to channel due to decreasing DIN 
values (Tab. 1). Average N:P ratios ranged between 6.8 - 32.1 in the 
system with highest values in the channel because of very low phosphate 
concentrations.  
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Figure 3: Variations in nutrient concentrations (DIN (), PO4 (), Si ()) along the 
distance to shore at sampling stations in the Manguaba lagoon. Dashed 
lines divide the Manguaba lagoon system into river, lagoon and channel. 
 
Spatial changes in phytoplankton community and biomass  
Average chlorophyll a concentrations showed a high spatial variation with 
maximum values of 47.0 μg L-1 inside the channel and minimum 
concentrations in the river (2.9 μg L-1; Tab. 1).  
 
Phytoplankton cell density and composition changed from river to lagoon 
and channel. Total phytoplankton abundance was low inside the rivers. 
Highest cell abundance (47.5 * 106 cells L-1) and also algal biomass was 
observed in the transition zone between the lagoon and the channel and 
was followed by a decrease towards the ocean (Fig. 4). In the transition 
zone, phytoplankton biomass consisted to 50% of Cyanobacteria, mainly of  
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Table 1: Minimum, maximum and average values with standard deviation for 
temperature, salinity, depth, pH, Si:N and N:P ratios and chlorophyll a 
measured in Paraiba do Meio River, Manguaba lagoon and channel.  
 
 
long Anabaena sp. chains. Bacillariophyta dominated phytoplankton 
biomass in the river and northern part of the lagoon and also in the channel 
and were composed mainly of large Cyclotella sp.. Inside the lagoon 
phytoplankton biomass was low and Cyanobacteria were the main group 
(Fig. 4). Maximum Chlorophyta values were observed in the transition zone 
from the lagoon to the channel with Coelastrum and Eudorina as main 
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genera whereas Scenedesmus was the only Chlorophyta that was 
observed in the river station. 
 
Pearson correlation indicated that DIN is negatively correlated with diatom 
biomass in the Munguaba lagoon (r = - 0.71; p = 0.02), whereas the Si:N 
ratio is positively correlated with diatom biomass (r = 0.65; p = 0.04).  
 
Nutrient enrichment experiment 
The initial mean concentrations of inorganic nutrients in the lagoon water 
used for the experiment were 1.6 μM for phosphate (PO4) (SD = 1.1) and 
17.5 μM for DIN (SD = 2.6) (Fig. 5). Phosphate was mainly consumed after 
day 2 of the enrichment. The uptake was higher in samples after day 4 to 
which only phosphate (+P) was added compared to the treatment to which 
+NP were added (Fig. 5a).  Added nitrogen (+N) was directly consumed 
within the first 4 days of incubation in the treated samples, followed by a 
decrease in uptake and an increase in dissolved nitrogen concentration 
(Fig. 5b). Silicate concentration decreased in all enriched samples after day 
6 except for the control (Fig. 5c) 
 
In the beginning of the experiment the mean chlorophyll a concentration 
was 27.2 μg L-1. Chlorophyll a responded in all enriched treatments and 
showed highest concentration in +NP addition (80.7 μg L-1), indicating a 
synergetic effect of these nutrients. After an increase of phytoplankton 
biomass the control declined rapidly to minimum values of 8.8 μg L-1 until 
the end of the experiment (Fig. 5d).  
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Initial Si:N ratios ranged from 13.2 to 24.1 and increased until day 2 in all 
treatments. Highest ratios were detected on day 4 in treatments +N 
because of very low DIN concentrations in these samples. Reduced uptake 
of DIN and therefore higher concentrations of nitrogen in +N and +NP 
samples resulted in a decrease of the Si:N ratio. A continuous increase in 
dissolved Si:N ratios could only be detected in the control treatments over 
the time of the experiment. 
 
Figure 4: Phytoplankton biomass of Cyanobacteria, Bacillariophyta and 
Chlorophyta and their total abundance in the Manguaba lagoon along 
a freshwater – marine gradient. Dashed lines divide the Manguaba 
lagoon system into river, lagoon and channel. 
 
The addition of nutrients resulted in a considerable enhancement in 
phytoplankton cell density. An increase in Bacillariophyta was observed 
from an initial cell count of 6.5 * 106 cells L-1 to a maximum of 15.4 * 106 
cells L-1 in nutrient enriched samples. Only samples with N - addition 
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showed significant differences (p < 0.02) in cell densities between the start 
and the end of the experiment. Chlorophyta cell density increased in all 
treatments, but differences were only significant in treatments where +NP 
was added (p < 0.02). There, cell number grew from 1.8 * 106 cells L-1 at 
the beginning to a maximum of 6.6 * 106 cells L-1 at the end of the 
experiment. In contrast, Cyanophyta decreased significantly (p < 0.0003) to 
values between 12 – 24 % of the initial abundance in nutrient enriched 
treatments and the control. The maximum phytoplankton cell count was 
measured in samples enriched with both nutrients (+NP; up to 23.9 * 106 
cells L-1, mainly consisting of diatoms).  
 
Figure 5: Time series of phosphate (a), DIN (b), silicate (c) and chlorophyll a (d) 
concentrations (mean ± SD, n=3) during the enrichment experiment and 
theoretical concentration line for phosphate (a) and nitrogen (b) after 
enrichment. 
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The initial total phytoplankton biomass increased from 1.4 * 103 mg C L-1 to 
1.7 * 103 mg C L-1 in the control until the end of the experiment (Fig. 6). In 
the beginning, Cyanobacteria, dominated by Anabaena sp., contributed 15 
% of the total phytoplankton biomass in the control, whereas Bacillariophyta 
and Chlorophyta made up 51 % and 34 %, respectively.  At the end of the 
experiment Cyanobacteria and Bacillariophyta decreased to 2 % and 35 % 
of the total biomass in the control whereas the biomass of Chlorophyta 
increased to 63 % (1.1 * 103 mg C L-1). Nutrient enrichment had strong 
effects on the total biomass of all treatments.
 
Figure 6: Effect of nutrient enrichment on the average phytoplankton biomass 
(mean ± SD, n = 3) in the different treatments between the beginning 
and the end (after 8 days) of the experiment. 
 
Cyanobacteria biomass decreased significantly between the beginning and 
the end of the experiment in all treated samples (pN < 0.02, pP < 0.008, pNP 
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< 0.01, ANOVA followed by Tukey´s post-hoc test) and differed significantly 
from the control (pC < 0.0008). Total phytoplankton biomass increased 
strongest in the +NP treatment (3.6 * 106 mg C L-1; Fig. 6). These increases 
were mainly due to the growth of fast growing species such as small 
Chlorophyta and Bacillariophyta like Cyclotella sp. and Scenedesmus sp.. 
Additionally, the growth of Bacillariophyta biomass in treatments only 
enriched with +N was very close to +NP enriched treatments and showed 
clear differences in diatom biomass between start and end of the 
experiment (pN < 0.02 and pNP < 0.02, ANOVA followed by Tukey´s post-
hoc test). The biomass of Cyanobacteria in nutrient enriched samples 
generally decreased to 2 – 3% of the total phytoplankton biomass (0.08 – 
0.1 * 103 mg C L-1). 
 
 
DISCUSSION 
Variations in nutrient availability and phytoplankton community in the 
Manguaba lagoon 
During the last decades, lots of tropical aquatic systems have to deal with 
increased anthropogenic pressures such as agricultural development. 
Especially during times of high precipitation, high nutrient loads are 
expected in the rivers from out washing processes in the surrounding fields 
and the hinterland, whereas water of marine origin with reduced nutrient 
amount reached the lagoon preferentially during dry periods. The spatial 
variation of physico-chemical water properties, nutrients and biological 
activity like e.g. phytoplankton growth in the Manguaba lagoon are 
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characterized by daily and seasonally varying freshwater inputs and the 
tidal exchange between the lagoon and the ocean.   
 
In general, the concentrations of dissolved inorganic nutrients (dissolved 
inorganic nitrogen, phosphate, silicate) were high at the river station. In 
October 2008 DIN consisted mainly of nitrate in the Paraiba do Meio River 
which enters the Manguaba lagoon. It is probably the result of diffuse inflow 
from the fertilized sugar cane soils caused by heavy rain showers some 
days before the sampling. The low concentrations of nitrogen and 
phosphorus in the lagoon in combination with the increased chlorophyll a 
values compared to the river suggest fast nutrient uptake by algae. 
 
Concentrations <1.0 M for DIN and <0.1 M for PO4 are usually 
considered to be limiting for algal growth (Fisher et al., 1992). At some 
sampling points in the channel, DIN concentrations were close to this 
threshold due to dilution with nutrient depleted seawater. Phosphate 
concentrations in the channel were often below the threshold value of 0.1 
μM and phosphorus was consequently the limiting nutrient in October 2008. 
Usually phosphorus is considered to be the main limiting nutrient in 
temperate freshwater systems (Schindler, 1974) whereas nitrogen limitation 
dominates in marine ecosystems (Howarth, 1988; Talling and Lemoalle, 
1998). On the seaward gradient of nutrients a particular peak was detected 
inside Manguaba lagoon. This pattern pointed to an additional nutrient 
source probably from sediment recycling as silicate, phosphate and DIN 
were increasing at this station possibly due to punctual turbulences.  
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Silicate also decreased seaward, but concentrations at all stations were 
very high and not limiting for diatom growth. The rapid decrease of silicate 
in the channels coincided with elevated Bacillariophyta biomass and points 
to a fast uptake by these algae. Diatom growth is considered to become 
silicate limited when the ratio of silicate to dissolved inorganic nitrogen falls 
below 1 and silicate concentrations are less than 2 μM (Egge and Aksnes, 
1992; Turner et al., 1998). A decrease of silicate below this threshold could 
inevitably effect the algae composition and result in changes of the pelagic 
food web. A reduction in diatom availability would affect zooplankton, the 
main food of fish, which often favour diatoms over other phytoplankton 
(Officer and Ryther, 1980). 
 
In Manguaba lagoon the Si:N ratio was between 16 to 162 and the 
concentration of silicate never fell below 27.6 μM. The high silicate values 
in the lagoon are most probably a result of soil leaching in this area where 
latosols are the main soil type covering the northeast of Brazil and which 
are rich in silicon (Oliveira and Kjerfve, 1993; Scheffer and Schachtschabel, 
2002). Moreover, the recycling of diatom shells can add to the constantly 
high concentration of silicate in the shallow water column of the well mixed 
lagoon. Sugar cane which is cultivated around the lagoon and in its 
hinterland can also take up silicate and store it mainly in its leaves in the 
form of so called phytoliths (Keeping et al., 2009; Savant et al., 1999).  
 
After the burning of the plants, the sugar cane ash and also the sugar cane 
organic material, which is formed during the processing in the sugar cane 
factories, still contain silicon. (Le Blond et al., 2010). Used as organic 
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fertilizer sugar cane fibres are recycled on the fields and make silicon again 
available as nutrient. 
 
Water hyacinth blooms were frequently observed in September and 
October in the river and the transition zone to the lagoon. Water hyacinths 
extract nutrients from the water and accumulate silicate in their root tissues 
(Rodriguez et al., 1998). Uptake by plants and release of silicate from 
decaying plant material could also affect the temporal variation of silicate 
concentrations in the water column.  
 
Phytoplankton abundance in the Manguaba lagoon in October 2008 was 
high compared to other studies conducted in this region (Melo-Magalhaes 
et al., 2009). Cell density increased from a few hundred per liter in the river 
up to 47.5 * 106 cells L-1. Primary production and accumulation of biomass 
in rivers and channels with high flushing rates is lower compared to lagoons 
where longer water residence times favour high biomass accumulation 
(Cloern, 1996; Knoppers et al., 1991). Accordingly phytoplankton biomass 
was higher in Manguaba lagoon which is an almost closed lagoon with low 
flushing rates and therefore a residence time of 5-7 weeks (Oliveira and 
Kjerfve, 1993).  
 
Compared to other tropical and temperate coastal ecosystems e.g. Patos 
Lagoon estuary (southern Brazil), the estuary of the subtropical Tamsui 
River (northern Taiwan), the Guadiana estuary (south-west Iberia) and 
Bizerte Lagoon (western Mediterranean), the phytoplankton biomass of 
Manguaba lagoon is in the upper range of the values (Abreu et al., 1995; 
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Domingues et al., 2005; Hlaili et al., 2006; Wu and Chou, 2003). The low 
phytoplankton biomass in the above mentioned regions were often the 
result of nutrient limitation, mainly silicate, besides factors like shading or 
turbidity. 
 
Subdivided into groups, phytoplankton biomass in Manguaba lagoon was 
dominated by Bacillariophyta except for the southern part of the lagoon and 
its transition zone to the channel where Cyanophyta mainly composed the 
biomass. The most abundant Bacillariophyta was Cyclotella, a solitary 
species which is typically found in brackish water environments (Reimann 
et al., 1963). Anabaena as the most important heterocystous cyanobacteria 
in the lagoon is capable to grow in waters with low nitrogen which is typical 
for many estuarine and coastal systems. This cyanobacteria is known as a 
N2-fixing species that can bring additional nitrogen into the aquatic 
environment (Kohl et al., 1982). In Manguaba lagoon Anabaena spiroides 
was considered as the dominant species during the dry period (Melo-
Magalhaes et al., 2009) most probably because of low nitrogen effluents 
from sugar cane fields in the catchment during this season. Therefore the 
annual succession of phytoplankton in Manguaba lagoon can change 
during the year depending on the community composition as well as on the 
availability and stoichiometry of nutrients.  
 
Phytoplankton response to nutrient enrichment  
Distinct differences in algal abundance were detected in the enrichment 
experiment between the control and the treatments. This indicates that 
algal groups responded immediately to increases in N and P 
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concentrations, as also reported from other coastal areas (Hlaili et al., 
2006; Piehler et al., 2004; Smith, 2006; Tomasky et al., 1999).  
 
The addition of N or P alone led already to an increase in total 
phytoplankton abundance and biomass, but enrichment with N and P 
together resulted in highest total biomass indicating a synergetic effect. 
Tamminen and Andersen (2007) reported similar phytoplankton biomass 
changes in bioassays from the Baltic Sea with strongest chlorophyll a 
response in treatments with combined N and P addition. They categorized 
the response of phytoplankton into P, N and combined limitation according 
to species – specific nutrient storage abilities. They also demonstrated that 
different phytoplankton species can adapt their metabolism by stocking 
nutrients in their cells and use these reserves for growing when the 
required nutrients were not present in the water. 
 
In our experiment, diatoms showed the strongest response to nutrient 
addition and replaced chlorophytes and cyanophytes as dominant 
phytoplankton groups. Diatoms are known to have high uptake and growth 
rates and can accumulate higher biomass compared to other algae groups 
as long as they are not limited by silicate availability (Kudela and Dugdale, 
2000). Silicate concentrations in the lagoon and thus also in our experiment 
were very high and had no limiting effect on the growth of diatoms. In 
temperate regions silicate is often a limiting nutrient because of initially low 
silicate concentrations and regularly appearing diatom spring blooms which 
lead to silicate depletion in the water column or even silicate limitation 
which resulted in the collapse of these spring blooms (Domingues et al., 
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2005; Fisher et al., 1992). After these blooms, diatom biomass decreases 
and at the same time an increase in green algae biomass can be observed 
(Domingues et al., 2005). Hence low silicate concentrations and high N:P 
ratios favour growth of green algae whereas diatom growth is enhanced at 
high N:P and Si:P ratios (Roelke et al., 1999).  
 
In our experiment a mean N:P ratio in the water of the control (24.6) at the 
start was higher than the Redfield ratio, suggesting initial P limitation 
whereas it was much lower in the control at the end (7.7). This points to 
intensified nitrogen uptake by phytoplankton over time as phosphorus 
concentrations were constant. At the end of the experiment, green algae 
showed a maximum contribution to the total phytoplankton biomass in the 
control. High N:P ratios are ideal for the growth of chlorophytes. Rhee 
(1978) showed that best N:P ratios for Scenedesmus development  is 30. 
Increased nitrogen and phosphate concentrations which are expected 
during the rainy season from the effluent from sugar cane fields could 
initiate the growth of chlorophytes in Manguaba lagoon. But increasing Si:N 
ratios until day four of the experiment showed that enriching with N leads to 
a fast nitrogen and silicate consumption and results in high diatom 
biomass. It seems that diatoms could immediately outcompete other algal 
groups if N or P were supplied as it was shown in other studies (Piehler et 
al., 2004 and references therein).  
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Ecological consequences of nutrient enrichment 
In tropical systems with high silicate concentrations, such as the Manguaba 
lagoon, an increase in nitrogen and phosphorus amounts will immediately 
benefit diatom growth and biomass production. An increase in nutrient 
availability in an aquatic system, like the input of fertilizer from agriculture, 
may result in rapid production and changes in phytoplankton biomass as 
we demonstrated in our enrichment experiment. It may eventually lead to 
phytoplankton blooms which are either short-term events or even 
periodical.  
 
But changes in phytoplankton biomass and composition can also be 
caused by artificial constructions like dams. Thereby a decrease in nutrient 
loads to the rivers and coastal areas is caused due to the removal of 
nutrients in the reservoir sediment. These alterations in nutrient 
stoichiometry can consequently lead to radical shifts in phytoplankton 
communities. The most notable example for temperate regions is the 
construction of the dam in the Danube River which coincided with a 
decrease of dissolved silicate concentrations in its discharge and 
consequently changes in primary production in the Black Sea from diatom 
dominated communities to non-siliceous forms. This artificial lake effect 
cause longer water residence times and affected Si:N ratios stronger than 
changes caused by eutrophication. These decreased Si:N ratios resulted in 
an increase in phytoplankton cell number, composition and changes in 
bloom frequencies in the north western Black Sea (Humborg et al., 1997). 
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The development of blooms depends on the nutrient availability, the 
phytoplankton composition, its fast reproduction and biomass 
accumulation. Changes in the nutrient mix often lead to blooms of nuisance 
algae which are of lower food quality for higher trophic levels. 
Cyanobacteria which were detected mainly during the dry season in the 
Manguaba lagoon as reported by Melo-Magalhaes (2009) are very 
common nuisance algae in freshwater environments and cause often toxic 
blooms which can have serious health impacts on animals and humans. 
Diatom blooms in contrast are usually seen as an effective enhancement of 
classical pelagic food chains from algae via copepods to fish and less often 
connected with negative effects of nuisance algae stopping food web flow 
already at the beginning (Sommer et al., 2002). Nevertheless, high 
phytoplankton biomass accumulation of diatoms can also have negative 
ecosystem consequences resulting from strong self shading and increased 
mortality. The decomposition of sinking dead phytoplankton leads to 
oxygen depletion in deeper waters and can cause hypoxic or anoxic events 
in these systems (Zhang et al., 2010 ). A high residence time of the water 
body can exacerbate these phenomena because of the usually limited 
water circulation and exchange times in lagoon systems compared to open 
estuaries. 
SUMMARY AND CONCLUSION 
Over the last decades, there has been an increase in sugar cane cultivation 
in Brazil, mainly planted as monocultures which led to an increasing use of 
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fertilizer comprised of nitrogen, phosphate and potassium (FAO, 2004). 
Nutrient analyses in the Manguaba lagoon have shown that high 
concentrations of nutrients were carried to the lagoon by the rivers where 
they were rapidly consumed by phytoplankton. 
 
Our mesocosm experiment showed that the addition of nutrients promoted 
mainly diatom growth because of the high silicate availability in the system. 
Thus the increased input of nutrients from sugar cane monocultures could 
lead to phytoplankton proliferations as simulated in the experiment. As high 
silicate concentrations seem to be a general phenomenon in the 
investigated tropical lagoon system it is conceivable that diatoms would be 
the main profiteers of increased nutrient availability, resulting in a probably 
high biomass flow to copepods and fish. Generally an increase in total 
nitrogen and total phosphate concentrations will modify Si:N and Si:P 
ratios. Aquatic systems in temperate regions will be strongly affected by 
harmful algae blooms due to silicate limitation during phytoplankton 
succession.  In contrast, high silicate availability in tropical areas will give a 
competitive advantage for diatoms and thereby prevent the growth of often 
toxic cyanophytes or even restrain blooms of nuisance algae. 
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ABSTRACT 
Phytoplankton community composition and diversity are highly variable in 
coastal lagoons due to fast changing environmental factors such as 
nutrients and salinity. We investigated the Mundau Manguaba Lagoon in 
northeast Brazil which is characterized by nutrient input from sugar cane 
cultivation and strong temporal changes in tidal intrusion. This affects 
salinity and nutrient availability and thereby consequently also 
phytoplankton communities.  
During samplings in September 2007, February 2008 and October 2008 
highest phytoplankton diversity could be detected in the incoming rivers 
dominated by typical freshwater species. Cyanobacteria showed an 
advantage under high temperature and partly under high salinity conditions 
in combination with low nutrient concentrations. High nutrient availability 
favoured more for diatoms. The estimation of fast changing environmental 
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conditions and thereby phytoplankton community composition provide 
support to characterize water quality and ecosystem conditions. 
KEYWORDS 
Phytoplankton diversity, salinity, nutrients, tropical lagoon, sugar cane, 
Brazil
INTRODUCTION
Coastal lagoon systems are transitional zones which are often associated  
with rapid changes in environmental variables such as salinity, temperature 
and light. The diversified abiotic conditions, in addition to changing nutrient 
availability, influence the phytoplankton composition and the species 
diversity in these areas (Hecky and Kilham, 1988). Marine organisms are 
used to saline water where nutrients are generally diluted, whereas 
freshwater species are adapted to usually higher nutient concentrations. 
Estuaries and coastal lagoons are special environments because of 
permanantly changing nutrient and salinity conditions. These changes in 
salinity lead to osmotic stress and play a major role in algae growth and 
structuring phytoplankton communities in the ecosystems (Kirst, 1989; 
Rijstenbil, 1988).  
Some marine and freshwater species have developed strategies to tolerate 
salinity fluctuations and survive in brackish water environments. But it is 
also known that a salinity of approximatly 5 forms a leathal barrier for most 
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phytoplankton species and their diversity is lowest at around this value 
(Redden and Rukminasari, 2008; Rijstenbil, 1988). Along an estuarine 
gradient, the distribution of phytoplankton species shows usually a 
tendency for cyanobateria and chlorophytes in brakish waters and 
dinoflagellates and diatoms in more saline waters (Kies, 1997; Muylaert 
and Sabbe, 1999).
Phytoplankton dynamics and nutrient availability are tightly coupled and 
systems in transitional zones are also quite complex in nutrient dynamics 
due to changing freshwater and tidal input (Alpine and Cloern, 1992; Gao 
and Song, 2005). A distinct increase of anthropogenic impacts such as 
growing population density, industrial development and intensive 
agriculture has further contributed to increasing nutrient loads into coastal 
lagoons. Hence, phytoplankton composition is often used as a parameter 
for water quality and phytoplankton plays an important role in 
biogeochemical and ecosystem processes such as the transformation and 
cycling of key elements with direct and indirect impacts on food webs 
(Sherrard et al., 2006). However the question arises, whether 
phytoplankton diversity, which is often used as a predictor of environmental 
change and water quality, can be easily used for that purpose in such 
highly diverse and fluctuating environments. 
Mundau Manguaba Lagoon in northeast Brazil represents an important 
coastal ecosystem which is under agricultural and industrial pressure. 
During the last decades, sugar cane cultivation increased considerably and 
therefore also the sugar cane industry (FAO, 2004). Raised nutrient loads 
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(in particular nitrogen and phosphate) are transported in Brazilian rivers 
and can result in spatial and seasonal differences in nutrient concentrations 
in the systems (Martinelli and Filoso, 2008). Consequently, changes in 
element cycling, phytoplankton species composition and food chain 
structure in these systems have to be expected. An experimental 
enrichment study with surface water of the Manguaba lagoon has already 
suggested important shifts in phytoplankton composition from 
cyanobacteria to diatoms with enhanced concentrations of nitrogen and 
phosphate. Diatom growth was favored in the lagoon because of very high 
silicate amounts from soil leaching in the surrounding area and the 
hinterland (Spörl et al, submit.).  
In this study we investigated seasonal and spatial variations of 
phytoplankton diversity and community composition and their relation to 
environmental parameters in two lagoons along a gradient from freshwater 
to marine waters. The regulating factors for phytoplankton composition and 
seasonal succession are important key parameters to understand the 
dynamics of tropical lagoon ecosystems in more detail (Gallegos and 
Jordan, 1997; Pennock and Sharp, 1994). To predict and characterize 
responses of these ecosystems to further environmental changes it is 
necessary to know how the heterogeneity in environmental conditions 
transfers into heterogeneity of phytoplankton composition.  
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STUDY AREA 
Two shallow lagoons build the Mundau Manguaba Lagoon in northeast 
Brazil, in the state of Alagoas (latitudes 9°35’ and 9°36’S, longitudes 35°44’ 
and 35°58’W). A narrow channel system connects these lagoons which 
each other and with the ocean (Fig. 1).  
Figure 1: Map of the Mundau Manguaba Lagoon, in northeast Brazil. 
The mangrove fringed channels have a joint outlet which leads into the 
Atlantic Ocean. The Manguaba Lagoon covers an area of 43 km2 and is 
surrounded by sugar cane fields while the 24 km2 Mundau Lagoon is 
Chapter II 
107
additionally influenced by effluents from the city of Maceio which has 
900,000 inhabitants (Oliveira and Kjerfve, 1993). The system has a total 
dimension of 79 km2 with an average depth of 2 m.  
The dry season of the tropical climate is from November to March and the 
rainy season from May to August with an average annual precipitation of 
1654 mm (Fig. 2). Mundau River discharges annually an average of 33.5 
m3s-1 into the Mundau Lagoon, Paraiba do Meio and Sumauma River 17.6 
m3s-1 and 5 m3s-1, respectively, into the Manguaba Lagoon (Oliveira and 
Kjerfve, 1993; Souza et al., 2003). Most of the tidal energy from semi- 
diurnal tides dissipates in the connecting channels between the ocean and 
the lagoons. The different sizes of the lagoons and the channels cause an 
average residence time of around 1-2 weeks for Mundau Lagoon and 5-7 
weeks for Manguaba Lagoon, respectively (Oliveira and Kjerfve, 1993).
The northeast of Brazil is the second largest sugar cane production area in 
the country. During the last decades sugar cane cultivation increased 
enormously because of its use as bio fuel for the automobile industry (FIAN 
and GTZ, 2002). Consequently the consumption of fertilizers like nitrogen, 
phosphate and potassium as well as organic fertilizers has risen 
substantially (FAO, 2004). 
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Figure 2: Average monthly precipitation (continuous line) and temperature (dashed 
line) during the investigated period 2007 – 2008.  
MATERIAL AND METHODS 
Sampling and analyses 
Water samples were taken along a salinity gradient from marine water to 
freshwater in September 2007 (Sep 07), February 2008 (Feb 08) and 
October 2008 (Oct 08). Hydrodynamic and geographical characteristics 
divide the lagoon into three units: the channels (estuary), the lagoons and 
the rivers (freshwater).
Salinity and temperature of the surface water were measured directly with a 
WTW MultiLine mulitparameter sensor. Water samples for dissolved 
sampling sampling sampling 
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inorganic nutrients, chlorophyll a and phytoplankton were collected in both 
lagoons with a Niskin bottle near surface (~ 0.5 m depth). Water samples 
for nutrient analysis (nitrite, nitrate, ammonium, silicate and phosphate) 
were filtered through single use membrane filters (0.45 μm pore size) into 
prewashed PE bottles and stored frozen until the analysis according to 
Grasshoff et al. (1999). For the determination of chlorophyll a, water was 
filtered through Whatmann GF/F filters and stored frozen until the analysis. 
Chlorophyll a concentrations were determined following the method of  
Jeffrey and Humpfrey (1975). 
Phytoplankton samples were taken in Sep 07 and Feb 08 by using a 20 μm 
plankton net and in Oct 08 by sampling surface water directly with brown 
glass bottles. The phytoplankton samples were fixed with Lugol´s iodine 
and kept in darkness. Phytoplankton was identified and counted with an 
inverted Zeiss Axiovert 200 microscope according to Utermöhl (1958). 
Where possible, at least 400 cells were counted to keep a counting 
precision of ± 10%, when cells were randomly distributed (Lund et al., 
1958). Biomass was estimated as volume of the species cells by using 
geometric configurations (Hillebrand et al., 1999) and converted into 
biomass and cell carbon content (Cc) according to Rocha and Ducan 
(1985).
Biological diversity (H’) (Shannon-Wiener index) and evenness (J) were 
calculated according to the following equation: 
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where N is the total amount of phytoplankton biomass, Ni is the individual 
amount of species biomass and S is the total number of species. 
Percentage similarity between single close-by stations was determined by 
using the equation of Krebs (1989).  
Statistics
The Bray-Curtis coefficient was used to produce a similarity matrix of 
species biomass between seasons and sampling sites (Coph. corr. = 0.9). 
Thereby average biomass values were used for the Mundau and 
Manguaba lagoon and the channels, whereas only single station were 
taken for the rivers. Multivariate statistical analysis was conducted in PAST 
Version 2.04 (Hammer et al., 2001). 
RESULTS 
Physico-chemical water parameters in the lagoons 
Water level in the lagoons varied greatly (0.6 – 7.1 m) and average depth 
was between 2.1 and 3.5 m during the different sampling seasons in the 
lagoons (Tab. 1). Average temperature was highest during the sampling in 
Feb 08 with values of 30.4 and 30.3 °C in the Manguaba lagoon and the 
Mundau lagoon, respectively.  
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Average pH was similar at the sampling sites during the seasons but 
showed strongest variations in Sep 07 in the Manguaba lagoon. A minimum 
pH value of 5.7 was detected in the Manguaba channel in Sep 07; the pH 
reached values up to 9.2 inside the lagoon. 
Dissolved oxygen concentrations were only measured in Oct 08 and varied 
from 4.7 mg l-1 to 12.2 mg l-1 (59.7 – 156.7% oxygen saturation) in the 
system. The highest oxygen amounts in the Manguaba were detected at  
Table 1: Minimum, maximum and average values with standard deviation for 
physico-chemical parameter and chlorophyll a measured in Mundau 
Manguaba Lagoon system in Sep 07, Feb 08, Oct 08.
the transition zone between channel and lagoon whereas the lowest values 
were measured in the middle of the lagoon. The Mundau lagoon showed a 
different pattern. While highest oxygen concentrations (~11.1 mg l-1) were 
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found in the middle of the lagoon, lowest concentrations (~4.7 mg l-1) were 
measured in the transitions zone between lagoon and river. 
Figure 3: Tidal influence and changes in salinity along the distance in Manguaba 
and Mundau lagoon in Sep 07, Feb 08 and Oct 08 
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In Sep 07 lowest salinity values were measured in the lagoons and the 
channels (Fig. 3). During this season the lagoons were strongly influenced 
by freshwater input because of high precipitation on single days before the 
sampling (Fig. 2). Salinity varied on a spatial and temporal scale depending 
on hydrological changes between evaporation, freshwater and seawater 
inputs. The Mundau lagoon is generally stronger influenced by saline 
waters because of a better connection of the lagoon with the ocean and 
therefore a lower dissipation of tidal energy. Therefore marine water can 
penetrate up to the northern part of the Mundau lagoon which also results 
in a short residence time therein. 
Spatial and temporal changes in dissolved nutrient concentrations 
Dissolved nutrients differed both seasonally and spatially along the gradient 
from freshwater to the ocean. Dissolved inorganic nitrogen (DIN) 
concentrations varied between 8.9 and 14.9 μM in Paraiba do Meio and 
13.3 and 23.1 μM in Rio Mundau during the different sampling seasons 
(Fig. 4). During all seasons higher DIN concentrations could be detected in 
Rio Mundau. Nitrite levels were always <1 μM. In Sep 07 and Oct 08 the 
concentration of nitrate entering the Manguaba lagoon was greater than 
ammonium (42 and 10%) whereas in Feb 08 ammonium was dominating 
the DIN with 98%. Nitrogen concentrations in Rio Mundau showed a 
converse pattern with higher ammonium concentrations in Sep 07 and Oct 
08 (67 and 79%) and nitrate as main portion (59%) in Feb 08. Inside the 
lagoons DIN values generally decreased on the gradient from freshwater to 
marine water. Nutrient peaks inside the channels could be detected mainly 
during Sep 07 and Feb 08.  
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Figure 4: Variation in nutrient concentrations along distance at sampling stations in 
Manguaba and Mundau lagoon in Sep 07, Feb 08 and Oct 08.  
Dissolved phosphate levels ranged from 0.1 to 2.8 μM in the Manguaba 
lagoon and from 0.1 to 2.3 μM in the Mundau lagoon. The concentrations 
decrease towards the ocean with little increases in the channels and 
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reached minimum values of 0.1 μM close to the entrance to the ocean 
except for Sep 07.
Highest silicate values (440.9 μM) were measured in Oct 08 in the Paraiba 
do Meio and were twice as high compared to Sep 07 and Feb 08 with 
maximum values of 199.6 μM and 186.9 μM, respectively (Fig. 4). Silicate 
levels dropped rapidly inside the lagoons and the channels. In the Mundau 
lagoon generally lower silicate concentrations were measured; a minimum 
of 6.9 μM was detected in the Mundau channel in Sep 07.  
Phytoplankton distribution, composition and diversity 
Chlorophyll a concentrations were only measured in Feb 08 and Oct 08. 
Average chlorophyll a concentrations measured in Feb 08 were at least 
twice as high in the Manguaba lagoon (25.9 ± 22.2 μg l-1) compared to the 
Mundau lagoon (11.3 ± 11.0 μg l-1; Tab. 1). There was a high temporal 
variation in maximum chlorophyll a values between Feb 08 and Oct 08. 
Generally highest chlorophyll a values were detected inside the lagoons 
except for Oct 08. During this sampling chlorophyll a peaks shifted from the 
Manguaba lagoon into the connecting channel and reached highest values 
in the transitions zone. Lowest chlorophyll a concentrations were generally 
measured in the rivers Rio Mundau and Paraiba do Meio in Feb 08 as well 
as in Oct 08. 
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Table 2: Phytoplankton cell abundance in the rivers, lagoons and channels of 
Manguaba and Mundau system in Sep 07, Feb 08 and Oct 08.
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During the studied period phytoplankton cell density and composition 
differed between seasons and also between zones. Total cell quantity was 
generally higher in the Manguaba lagoon than in the Mundau lagoon. 
Highest cell abundance was recorded in the Manguaba lagoon in Sep 07 
with 16.2 * 106 cells l-1 mainly composed of Cyanobacteria (73 %) and 11.8 
* 106 cells l-1 in the channel represented with 85 % by Bacillariophyta (Tab. 
2). In Feb 08 total phytoplankton abundance was low compared to Sep 07 
and Oct 08. During this season Chlorophyta were present only in a very 
small number. Cell density in Oct 08 was highest in the Manguaba channel 
with 16.6 * 106 cells l-1 and was dominated by Cyanobacteria. 
Highest total cell density in the Mundau lagoon was counted in Sep 07 
(14.7 * 106 cells l-1). Both in Sep 07 and Feb 08 phytoplankton community in 
the Mundau lagoon was predominantly determined by Cyanobacteria (72% 
and 82%, respectively). Bacillariophyta determined the total phytoplankton 
composition in the Mundau channel in Feb 08 (100%). In Oct 08 cell 
number in the Mundau lagoon and channel was clearly below the number 
of cells compared to the other sampling seasons.  
Diversity of phytoplankton calculated by the Shannon – Wiener diversity 
index and evenness were in general higher in the Mundau lagoon 
compared to the Manguaba lagoon (Fig. 5). Lowest average values were 
calculated for the Manguaba system during the first sampling in Sep 07 
within the channel (H’channel = 0.3). This low value inside the channel 
coincided with high phytoplankton abundance, dominated by 
Bacillariophyta (85%). In Feb 08 maximum diversity and evenness were 
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found in both systems, although cell abundance was low during this 
season. During all seasons, the diversity index and evenness were always 
highest in the rivers with values between 0.9 and 1.9 for diversity and 0.3 
and 0.6 for evenness. 
Figure 5: Spatial phytoplankton trends of Shannon – Wienner diversity index (H’) 
and evenness (J) in Manguaba lagoon and Mundau lagoon system 
during Sep 07, Feb 08 and Oct 08. The lagoon systems are divided in 
channel, lagoon and river. 
Multivariate statistical analysis demonstrated that the grouping pattern of 
average phytoplankton biomass was primarily determined by sampling 
season. Study site or salinity spreading seemed to have a minor impact 
(Figure 6). The biomass at the different zones inside the lagoon system and 
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the different seasons subdivided the system into three major groups (A - C) 
on a similarity level of 0.06. Group A was comprised of samples from the 
rivers and Mundau channel in Oct 08, group B contained samples from the 
total system during the sampling in Sep 07 and group C included samples 
Figure 6: Cluster analysis of average phytoplankton biomass divided into zones in 
the lagoon system from Sep 07, Feb 08 and Oct 08. 
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from the sampling in Feb 08 and Oct 08. This group was separated further 
into group D and E on a similarity level of 0.12 and clustered samples from 
Oct 08 and from Feb 08. Phytoplankton biomass from Manguaba lagoon 
and Mundau channel in Feb 08 had a very low similarity to the other 
groups.
The percentage similarity index for algal communities from nearby stations 
varied strongly on a temporal and spatial scale. Highest differences 
between communities of close-by stations were calculated in Manguaba 
lagoon in Sep 07 whereas lowest values were detected in Feb 08 (Fig. 7). 
These high fluctuations were usually observed at the transitions zone from 
the lagoon to the channel or in the area close to the shore line. The change 
of the diversity index in Feb 08 was accompanied by a community shift 
from a mainly diatom dominated phytoplankton composition to a community 
with a high proportion of chlorophytes from the order of Volvocales in the 
transitions zone which alters again to an only diatom represented 
community close to the ocean. In Sep 07 a transformation in phytoplankton 
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Figure 7: Percentage similarity index in Manguaba lagoon and Mundau lagoon 
system during Sep 07 (dot), Feb 08 (square) and Oct 08 (triangle). 
Thereby two transects were sampled during different days in Manguaba 
lagoon in Sep 07. 
community was detected between the river and the lagoon with strongest 
shifts in the composition of chlorophytes. In Oct 08 percentage similarity 
index changed inside the lagoon and the channel. A shift from a community 
with reduced diatom biomass but high abundance of Anabaena sp. as only 
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Cyanobacteria into a community which was mainly dominated by 
Coelastrum sp., Scenedesmus sp. and Tetraedron sp. could be observed.  
Lowest values of percentage similarity index were detected in the Mundau 
lagoon in Feb 08. Thereby strong variations in the communities could be 
observed at the transitions zone between the lagoon and the channel. 
These patterns showed a shift from a community with 12 % of 
Cyanobacteria inside the lagoon to a community without Cyanobacteria 
inside the channel. At the same time a huge proportion of diatoms was 
detected in the stations in the channel and decreased towards the lagoon 
from 52% to 0.5%. Similar community composition shifts from diatoms to 
cynaobacteria were detected in Sep 07 and Oct 08.  
DISCUSSION
Salinity related heterogeneity of phytoplankton biomass 
Alterations in seasonal and temporal tidal intrusion and changing riverine 
nutrient loads influence the phytoplankton community structure due to 
circulation patterns and horizontal or vertical mixing processes (Redden 
and Rukminasari, 2008). Rapid changes in species composition and 
abundance between close-by stations could be observed in the Mundau 
and Manguaba lagoons mainly in the transitions zone between marine and 
freshwater systems. A replacement of Cyanobactria by diatoms in the 
estuaries suggested that most species in the Mundau Manguaba lagoon 
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occurred within relative narrow salinity ranges with only low signs of 
adaptation to not species-specific environments. 
The Shannon Wiener index showed generally highest phytoplankton 
diversity in Pariaba do Meio and Rio Mundau where usually no penetration 
of saline water was measured. However, maximum salinities of 2.1 were 
detected at the river mouth of Paraiba do Meio in February 2008. According 
to Telesh (2004) typical plankton diversity and abundance in the Baltic 
estuary changed on a spatial and temporal scale along a physical, chemical 
and biological gradient and is most diverse under the salinity level of 5-8.  
Salinities within this range can form a lethal barrier for several species 
which results in reduced phytoplankton diversity because of osmotic stress 
and lowest diversity could be found in brackish systems, compared with 
freshwater and marine systems (Schallenberg 2003, Flöder 2004). Brackish 
water conditions were mainly found in huge parts in the lagoons and the 
channels, accompanied by low phytoplankton diversity and species 
abundance.  
In February 2008 high salinities (up to 20) were even detected inside the 
Mundau lagoon which coincided with high phytoplankton diversity in the 
lagoon and the channels because of optimal conditions for marine species 
in these areas. However, high salinities which were detected in the 
channels in October 2008 could also result in disturbances at intermediate 
intensity and frequency. Strong tidal intrusion influenced the lagoon and 
Chapter II 
124
these infrequent short term periodical salinity changes could generally 
disturb freshwater systems and lead to losses in cell abundance and 
species diversity.  
It has been shown that disturbance by pulsed salinity intervals of a few 
days into freshwater systems can increase phytoplankton diversity as long 
as the time between these events exceeds one mean generation time of 
the community. Furthermore, studies on marine species indicated that 
salinity can affect phytoplankton growth rate with species-specific salinity 
demands for the optimal growth rate (Flöder and Burns, 2004 and 
references therein).  
Temporal and spatial distribution of phytoplankton groups 
The results of the cluster analysis suggest that phytoplankton biomass in 
the Mundau Manguaba lagoon varied more on a temporal than on a spatial 
scale. The composition of phytoplankton biomass from February 2008 
differed clearly from September 2007 and October 2008 most probably due 
to the highest average temperature and maximal salinities in the system in 
February 2008. It also coincided with high species diversity. Simultaneously 
the abundance of chlorophytes was scarce. Cyanobacteria abundance in 
the rivers was much higher during this season compared to September 
2007 and October 2008 and dominated by Merismopedia sp. in Paraiba do 
Meio and Oscillatoria sp. in Rio Mundau. These cyanobacteria as well as
Anbabaena sp. are often dominating phytoplankton communities in rivers 
and lakes (Phlips et al., 2000). Growth under high temperature and low light 
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intensity benefits Cyanobacteria compared to other algae (Dokulil and 
Teubner, 2000; Mur et al., 1999).
The water temperature in Mundau Manguaba lagoon varied between 23.3 
and 31.0°C and constituted most probably a good environment for 
cyanobacteria growth. Low nutrient concentrations can also favour for 
cyanobacteria as it was detected in October 2008 in the Mundau lagoon 
and channel because of their storage ability of nitrogen and phosphate 
which can result in the out competition of other algae groups at low nutrient 
levels (Pettersson et al., 1993). Under the high salinity levels in these 
environments some Caynobacteria species can develop because of their 
halotolerance, but generally theses conditions are more favorable for 
diatoms (Paerl, 1996; Smayda, 1983).  
Diatom composition shifted from freshwater to marine water and replaced 
Cyanobacteria as detected in Feb 08 when Cyanobacteria abundance was 
scarce in the Mundau channel close to the ocean due to salinities >30. 
Occurring diatoms in our system like Cyclotella sp., Skeletonema sp., 
Chaetoceros sp. and Nitzschia sp. have a huge surface-to-volume ratio and 
are therefore capable of fast growth, because these species are more 
abundant and competitive in nutrient depleted environments (Cloern and 
Dufford, 2005). Big cell sizes coincide with increasing sedimentation rates 
but at the same time these algae are less vulnerable to grazers.  
Mainly at the stations in the channel which are associated with higher tidal 
intrusion and therefore to stronger dilution of nutrients by ocean water, 
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large diatoms like Rhizosolenia sp. were detected. These algae host 
symbionts with nitrogen fixing mechanisms to survive under nitrogen 
limiting conditions (Villareal, 1991). Similar Rhizosolenia sp. appearance 
has been reported from high saline but nutrient depleted surface waters of 
the Suwannee estuary, the Gulf of California or in the Mediterranean Sea 
during oligotrophic conditions (Ignatiades, 1969; Kemp et al., 2000; Quinlan 
and Phlips, 2007). 
Nutrient effects on phytoplankton communities 
Nitrate concentrations measured in Paraiba do Meio River (max. 6.3 μM) 
and Rio Mundau River (max. 13.1 μM) during the dry season were quite 
low compared to other regions dominated by sugar cane cultivation. For 
example in the Paraiba do Sul River, a midsize river in the southeast of 
Brazil, which is also affected by sugar cane cultivation and industry in its 
catchment area, nitrate concentrations between 22 to 58 μM were 
measured during the dry season whereas concentrations were much higher 
during the rainy season (Silva et al., 2001). Besides the superficial fertilizer 
runoff from sugar cane fields, an additional source for nitrogen compounds 
could reach the rivers through the transfer of nitrogen from the atmosphere 
after the burning of sugar cane (Silva et al., 2001).  
Although the concentrations of available dissolved inorganic nutrients 
(nitrogen, phosphate and silicate) in Paraiba do Meio and Rio Mundau were 
always greater than the nutrient threshold for algae, phytoplankton cell 
density detected in the rivers was low. Algal growth is generally said to be 
limited by dissolved nutrients if the concentrations are below 1.0 μM for 
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nitrogen, 0.1 μM for phosphate and 2.0 μM for silicate (Egge and Aksnes, 
1992; Fisher et al., 1992; Turner et al., 1998). The reduced cell abundance 
could be the consequence of a high flushing rate and turbidity in the rivers 
that hamper the production and accumulation of phytoplankton biomass 
(Cloern, 1996; Knoppers et al., 1991). 
Decreased nitrogen and phosphorus values in both lagoons suggested 
immediate uptake of these nutrients by algae as high cell abundance was 
detected, except for October 2008 where highest cell abundance was 
counted in the transition zone from Manguaba lagoon into the channel. 
Along a gradient from the lagoons to the ocean a decrease in phosphate 
and DIN was detectable during all seasons. The intrusion of ocean water 
led to a decline in nutrient concentration mainly in the channel and the 
southern part of the lagoons because of dilution with nutrient poor marine 
water, but a distinct relation between nutrient concentration and salinity 
could not be observed in our system. Single DIN peaks in the channels 
pointed to resuspension of nutrients from the sediment triggered by strong 
tidal influence as DIN was mainly composed of ammonium (Eyre and 
Ferguson, 2002; Trimmer et al., 1998).  
The silicate concentrations were high at all stations and decreased 
seaward. The rapid decrease of silicate values mainly in the channels 
coincided with elevated Bacillariophyta biomass and pointed to a fast 
uptake by these algae rather than dilution with ocean water. High silicate 
concentrations are usually available all year round in most regions of the 
tropics (Ittekkot et al., 2006 ). The main source of silicon in our systems 
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appears to be leaching from latosol soils surrounding the lagoon system 
and covering the hinterland which are rich in this nutrient (Oliveira and 
Kjerfve, 1993). An additional source for silicate can also be the recycling of 
diatom frustules which are available in a huge number in the lagoon system 
or phytoliths inside the sugar cane tissue which get available after sugar 
cane burning (Keeping et al., 2009; Le Blond et al., 2010). Nevertheless the 
recycling of silicate in aquatic systems takes more time than the recycling 
of nitrogen and phosphate and leads to longer silica retention in sediments 
(Conley et al., 1993). 
The punctual nutrient increase in Manguaba lagoon in October 2008 
resulted obviously in strong shifts in phytoplankton composition as shown 
by the drastic change in the similarity index, accompanied by a rapid 
increase in biodiversity. Pulsed inflows of nutrient into a system can 
regulate the phytoplankton diversity therein as it was shown in experimental 
studies with natural communities in mesocosms (Buyukates and Roelke, 
2005; Sommer, 1985). The agricultural runoff from the sugar cane 
cultivation in the catchment area of Mundau Manguaba lagoon can be 
considered as a periodical pulse of nutrient effluents from the fields related 
to precipitation frequency and intensity after fertilizer application. These 
nutrient supplies can greatly affect phytoplankton diversity by a fast 
population increase of species capable of utilizing these nutrient pulses 
which consequently result in community shifts.  
The trophic state of aquatic systems is often closely related to species 
diversity which could be a suitable indicator for eutrophication (Dodson et 
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al., 2000; Telesh, 2004). Wu (1984) showed a correlation between 
decreasing diversity index and increasing degree of pollution in Taiwan 
which was similar to results in the Changjiang Estuary in China, where low 
diversity indexes corresponded to the appearance of red tide blooms (Gao 
and Song, 2005). 
However our study indicates that in lagoon systems phytoplankton diversity 
can not be used as only factor to determine ecosystem conditions without 
the knowledge of the highly fluctuating conditions of nutrients and salinity 
on a spatial and temporal scale. Salinity and nutrient availability were major 
variables in Mundau Manguaba lagoon that obviously influenced 
phytoplankton community structure. The interaction between salinity and 
nutrient concentration were creating a very heterogeneous environment 
with strong spatial and temporal effects on phytoplankton abundance and 
composition. The “good ecological condition” of such a highly dynamic 
lagoon system can therefore not be estimated by a single quantification of 
phytoplankton biodiversity. Baselines for estimates of effects of 
environmental hazards such as fertilizer runoff must include phytoplankton 
dynamics on a large temporal and spatial resolution. 
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ABSTRACT 
The origin of particulate organic matter in the water column and the 
sediment in the tropical Mundau Manguaba Lagoon in northeast Brazil was 
determined by using stable carbon and nitrogen isotopes in combination 
with C/N ratios. These lagoons are affected by increasing sugar cane 
cultivation in their catchment area. Water samples were taken along a 
salinity gradient from the river to the ocean outlet in the dry season in 
September 2007, February 2008, October 2008 and March 2009 after 
sugar cane harvest started. The isotopic composition of total suspended 
matter (TSM) in the lagoons indicated the presence of autochthonous 
material produced by phytoplankton as well as allochthonous material 
which originated most probably from sugar cane monoculture in the 
catchment area (13Corg -17.1 to -24.6 ‰). 15N values of up to ~ 10 ‰ in 
the Mundau Lagoon pointed to sewage input from the city of Maceio. 
Differences in water residence time and tidal intrusion between the lagoons 
led to higher concentrations of particulate organic carbon (POC) in the 
Manguaba lagoon which was also reflected in higher phytoplankton 
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biomass. Similar concentrations and distribution patterns were observed in 
the surface sediment of the lagoons. High proportions of sugar cane and 
phytoplankton material accumulated in the Manguaba lagoon where it was 
also degraded because of a long residence time and a restricted tidal 
exchange. Strong tidal intrusion and short residence time in the Mundau 
lagoon suggested an outwelling of sugar cane and sewage organic material 
into the adjacent coastal waters.  
KEYWORDS 
Stable carbon and nitrogen isotopes, organic carbon, water column, 
sediment, tropical lagoon, sugar cane 
INTRODUCTION
Coastal lagoons are important transitional zones which link marine and 
freshwater systems. The distribution and fate of suspended matter in these 
brackish zones is mainly caused by hydrodynamics, physical and chemical 
gradients as well as biological processes which are mainly driven by river 
discharge, changing salinity intrusion and retention time. Depending on 
these factors material can be modified and stored in the system or exported 
to the adjacent coastal waters. Allochthonous material from terrestrial 
sources such as plants, domestic and industrial sewage or agricultural 
runoff as well as marine sources account for the distribution of particles. 
But also autochthonous material from primary and secondary production 
contribute to the organic matter pool and can change according to spatial 
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and temporal variations in the system (Artemyev, 1996; Heip et al., 1995). 
Over time considerable portions of organic matter sink through the water 
column and accumulate in the sediment (Budge and Parrish, 1998). 
 
Several studies described the origin and fate of organic matter in estuaries 
of temperate zones but little is known about tropical systems (Cifuentes et 
al., 1996; Jennerjahn et al., 2004; Middelburg and Herman, 2007; Voss et 
al., 2005). Few studies from Brazil showed mainly an influence of sewage 
into rivers, but the impact of agricultural intensification on aquatic 
environments and its consequences are scarce (Barros et al., 2010; 
Carreira et al., 2002).  
 
Since the end of the last century land use changed heavily in Brazil due to 
the intensive cultivation of sugar cane and its use as biofuel in the 
automobile sector which was promoted by the government (FIAN and GTZ, 
2002). Nowadays Brazil is the major sugar cane producer in the world with 
7 million hectares of cropland which is about 25 % of the global sugar cane 
area. Actually, the sugar cane industry in Brazil processes about 480 
million tones of sugar cane whereof 45 % are turned into sugar production 
and 55 % into alcohol production with an increasing national and 
international demand (UNICA, 2001).  
 
The northeast of Brazil is the second largest sugar cane cultivation area 
and accounts for about 30 % of the country's total production. More than  
80 % of agricultural area in this region are covered by sugar cane 
monoculture (Goldemberg et al., 2008). The annual nitrogen fertilizer 
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application on Brazilian sugar cane fields is about 80 – 100 kg N ha-1 yr-1 
(Martinelli and Filoso, 2008). However, only 20 to 40% of the fertilizer 
seems to be assimilated by the sugar cane plant, whereas a huge part 
remains in the soil or is furthermore washed out into adjoining aquatic 
environments (Basanta et al., 2003; Oliveira et al., 2000). The increasing 
demand of sugar cane is expected to intensify the impact from the 
agricultural and industrial processes on the water quality of these aquatic 
ecosystems. 
 
In complex environments such as coastal lagoons and estuaries, stable 
nitrogen and carbon isotope composition had already been used to trace 
the origin and transformation of organic matter in the water and sediments 
(Barros et al., 2010; Carreira et al., 2002; Cifuentes et al., 1996; Cifuentes 
et al., 1988; Hu et al., 2006; Jassby et al., 1993; McClelland and Valiela, 
1998; Peters et al., 1978; Sweeney and Kaplan, 1980). Marine organic 
matter has a 13Corg between -22 and -18 ‰ in low latitudes. Terrestrial 
derived material from C3 plants has values between -30 and -24 ‰ and 
from C4 plants between -10 to -18 ‰ (Fischer, 1991; Liu et al., 2006). 15N 
can be affected by inputs from various sources and processes like 
nitrification or denitrification, the degree of nutrient fractionation in the water 
column or organic matter diagenesis (Carpenter et al., 1999; Dähnke et al., 
2008; Liu and Kaplan, 1989; Schaefer and Ittekkot, 1993; Voss et al. 2001). 
It can also be used to distinguish between sewage inputs which can have 
values >~8 ‰ and the use of fertilizer and atmospheric fixation by 
phytoplankton with values <~ 2 ‰ (Hansson et al., 1997; Lee et al., 2008).  
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In the light of increasing sugar cane cultivation it is necessary to follow its 
effluents in order to assess their effects and fate in the coastal zone. This 
study was conducted over a period of two years to obtain information on 
the sources, the distribution and the accumulation of suspended matter and 
particulate organic carbon in the Mundau Manguaba Lagoon which is 
affected by sugar cane monoculture in its catchment area. 
MATERIAL AND METHODS 
 
Study Area 
The shallow tropical Mundau Manguaba Lagoon (79 km2) in northeast 
Brazil consists of two shallow coastal lagoons which are connected with a 
channel system and with the ocean (Fig. 1). The outlet of the lagoons and 
the channels are lined by mangroves. Manguaba and Mundau lagoon have 
a dimension of 43 km2 and 24 km2, respectively, and an average depth of  
2 m. (FIAN and GTZ, 2002). The upper catchment area is characterized by 
a semi arid climate with an annual average precipitation of 800 mm 
whereas the lower basin close to the coast is tropical humid with an 
average precipitation of 1654 mm and an annual mean temperature of     
25 °C (Fig.2). 
 
During the dry period (November to March) sugar cane is harvested by 
burning off the sugar cane in the fields and the main production of sugar 
and alcohol in the factories starts. During the rainy season (May to August), 
inorganic and organic fertilizers which are applied to the fields and also  
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Figure 1: Map of the Mundau Manguaba Lagoon, in northeast Brazil. 
 
organic matter from the soils can be washed into adjoining rivers and 
transported to the lagoons (Fig. 2). The Mundau lagoon receives 
additionally effluents from the city of Maceio which has about 900,000 
inhabitants (ANA, 2005). The lagoons hydrodynamics are dominated by a 
semi – diurnal tidal variation, although most of the tidal energy seems to 
dissipate in the connecting channels between the ocean and the lagoons. 
The different sizes of the lagoons and the morphology of the channels are 
responsible for an average water residence time of around 1-2 weeks for 
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Mundau lagoon and 5-7 weeks for Manguaba lagoon, respectively (Oliveira 
and Kjerfve, 1993).  
 
Figure 2: Monthly precipitation in the area of the Mundau Manguaba Lagoon during 
the investigated period 2007 – 2009. Black line shows the average 
precipitation over the last 20 years, arrows denote sampling campaigns 
(source: Laboratório de Agrometeorologia e Radiometria Solar/UFAL, 
Maceio) 
 
 
Sampling and sample preparation 
Surface water samples were taken with a Niskin bottle along a salinity 
gradient (salinity of 0.0 – 37.1) in both lagoons in September 2007, 
February 2008, October 2008 and March 2009 at the beginning and at the 
end of the dry season. For the determination of total suspended matter 
(TSM), water samples were taken in PE bottles and stored cool and dark 
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until the filtration. Samples were filtered through pre-combusted and pre-
weight glass fibre filters (Whatman GF/F) and dried at 40 °C. 
 
In March 2007 four sediment cores between 30 and 50 cm length were 
taken with a hand corer in each lagoon as well as soil and plant samples 
from the sugar cane fields. Plant material was sampled along the rivers. 
Sediment cores were subsampled in 2 cm intervals. Sediment, soil and 
plant samples were dried at 40 °C, ground and homogenized prior to 
analysis. 
Analyses 
Total suspended matter, sediment, soil and plant material were analysed 
for their total carbon and total nitrogen by high temperature combustion 
using a Carlo Erba NA 2100 elemental analyser. After removal of inorganic 
carbon by acidification with 1N hydrochloric acid, the samples were dried 
again at 40 °C and analysed for particulate organic carbon content (Corg). 
Repeated measurements of standard samples gave a precision of 0.1 % for 
organic carbon and 0.01 % for nitrogen. 
 
The isotopic composition of nitrogen (15N) and organic carbon (13Corg) 
isotopes was determined with a Finnigan Delta Plus mass spectrometer 
coupled to a Flash 1112 EA elemental analyser. For the determination of 
the carbon isotope composition the carbonate in the sample was removed 
by adding 1N HCl and dried at 40°C. The precision of the method given by 
an internal standard was 0.2 ‰ for 15N and 13Corg.  
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Statistics
The relationship between particulate organic carbon content and total 
suspended matter was determined using Pearson correlation. To test 
differences of carbon and nitrogen isotope ratios of the TSM between 
years, data were log-transformed and tested by using a one-way ANOVA 
when data were normally distributed or a Kruskal Wallis test when data 
were not normally distributed. These differences were tested additionally by 
post-hoc Tukey´s test and Dunn´s test, respectively. All tests were carried 
out in SigmaPlot 11.0. 
 
 
RESULTS 
Total suspended matter composition and distribution in the water 
column
Average total suspended matter (TSM) of surface water showed temporal 
and spatial variations during the four sampling periods. TSM was higher in 
September 2007 in the Manguaba lagoon (26.9 ± 8.5 mg l-1; Fig. 3) with 
highest values inside the lagoon. Lowest concentrations (13.1 ± 7.3 mg l-1) 
were measured in October 2008. TSM concentration generally increased 
from the Paraiba do Meio River towards the channel. Mundau lagoon also 
had highest average TSM concentrations in September 2007 and lowest in 
October 2008 (22.4 ± 14.1 and 16.4 ± 11.6 mg l-1; Fig. 3).  
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Table 1: Minimum and maximum values and average C/N ratios of the rivers, the 
lagoons and the channels in the Mundau Manguaba Lagoon in 
September 2007, February 2008, October 2008 and February 2009. 
 
 
 
The difference in TSM amounts in the Mundau lagoon between the 
seasons was smaller than in the Manguaba lagoon. Generally highest 
average TSM concentrations were measured in the channels, except for 
September 2007. During that time high average concentrations of 34.4 and 
26.1 mg l-1 were detected in the Manguaba and Mundau lagoons, 
respectively. Very low TSM concentrations were determined in Mundau 
River and the Mundau Lagoon in October 2008 with average values of 9.8 
and 8.6 mg l-1. TSM in Paraiba do Meio was also low in October 2008 and 
had an average amount of 6.7 mg l-1. 
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Figure 3: Total suspended matter distribution in the rivers, the lagoons and the 
channels of the Manguaba (a) and Mundau (b) lagoon system in 
September 2007, February 2008, October 2008 and February 2009. 
 
Corg was positively correlated with TSM in the Manguaba lagoon (r=0.6, 
p<0.001, n=96) as well as in the Mundau lagoon (r=0.5, p<0.001, n=55). 
The highest proportion of organic carbon (6.4 mg l-1) coincided with the 
highest amount of particulate matter (49.7 mg l-1) in the water column in the 
Manguaba lagoon in September 2007 (Fig. 4). In October 2008 TSM was 
low compared to the other sampling seasons and Corg values were  
a)
b) 
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<3 mg l-1. A low average C/N ratio of 8.4 ± 1.3 was determined in the 
Manguaba lagoon in October 2008. Highest C/N ratios were generally 
detected in the river (15.7 – 28.6). The total nitrogen proportion of TSM was 
between 0.2 and 3.1 % in the Manguaba lagoon and lower values were 
detected in the Mundau lagoon (0.1 - 2.4 %; Tab. 4).  
 
 
Figure 4: Portion of organic carbon in total suspended matter in the Mundau 
Manguaba Lagoon during different sampling seasons (September 2007, 
February 2008, October 2008 and February 2009). Dashed lines denote 
linear regressions (r2 = 0.4 in Manguaba lagoon and r2 = 0.2 in Mundau 
lagoon). 
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The Mundau lagoon (0.9 – 16.7 % Corg) showed a different distribution of 
organic carbon contents which were generally lower than in the Manguaba 
lagoon (1.5 – 26.7 % Corg,). Low TSM amounts in the Mundau lagoon 
coincided with high Corg contents in September 2007 whereas in October 
2008 high particulate matter concentrations matched with low Corg           
(<1 mg l-1). C/N ratios in the Mundau lagoon were much higher than in the 
Manguaba lagoon and reached maximum average values of 26.1 inside the 
lagoon in September 2007 and in the channel in February 2008. During the 
sampling in October 2008 the average C/N ratios in the Mundau lagoon 
were much lower than during the other seasons (8.6 ± 1.4, Tab. 1). 
 
Isotopic composition of total suspended matter 
13Corg in the lagoons displayed a wide range from -16.6 to -26.1 ‰ (Fig. 5). 
In the Manguaba lagoon 13Corg scatter mainly between -18.3 and -20.9 ‰ 
in September 2007 and were significantly different (p<0.05, Kruskal-Wallis) 
in October 2008 when 13Corg between -21.1 and -23.3 ‰ was measured. 
Results from February showed a similar pattern with lower values in 2009 
than in 2008 (p<0.05, Kruskal-Wallis). 13Corg in the Mundau lagoon showed 
no clear pattern in the distribution and scattered between -19.0 and             
-23.9 ‰.  
 
15N ranged between 2.0 and 6.5 ‰ in the Manguaba lagoon whereas a 
wider range was measured in the Mundau lagoon (1.2 – 10.6 ‰). 15N was 
lower in the Manguaba lagoon in September 2007 and February 2008 than 
in October 2008 and February 2009 (Fig. 5, p<0.03, ANOVA). 15N in the 
Mundau lagoon was higher in October 2008 that in September 2007. High 
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15N values of ~10 ‰ were measured inside the lagoon in February 2008 
and 2009 at the end of the dry season. At the beginning of the dry season 
15N of ~2 ‰ was measured mainly in the Mundau River and in the 
Mundau channel. 
 
 
Figure 5: Dual stable isotope composition of total suspended matter in the lagoons 
in September 2007, February 2008, October 2008 and February 2009. 
Solid ellipses contain the main distribution of September 2007 and 
October 2008, dashed ellipses include the one from February 2008 and 
2009 which showed statistically significant differences. 
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End members in the catchment area of the lagoons 
Different sources for marine, river and plant and soil derived organic 
material in the Mundau Manguaba lagoon were determined as end 
members. Average TSM concentrations in the end members were highest 
in the Sumauma River with values of 22.6 ± 14.6 mg l-1. Lowest TSM was 
measured in the Lago Azul (0.4 mg l-1) but its proportion of Corg was high 
(45.2 %). Lago Azul showed also lowest 13Corg (-24.7 ‰) and highest 15N 
(8.2 ‰; Tab. 2). 
 
Table 2: Description of organic carbon (Corg) and total nitrogen (PN) content of the 
total suspended matter and its isotope ratio (13Corg, 15N) from the end 
members in the Mundau Manguaba Lagoon. 
 
 
Average organic carbon content was very similar for the C4 plants and the 
mangrove leaf (43.0 to 44.0 % ± 0.2). Corg content of the water hyacinth 
was lower in the Manguaba than in the Mundau lagoon. C4 plants such as 
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sugar cane and reed had a 13Corg of ~ -13 ‰ and C3 plants like mangroves 
and water hyacinth of ~ -28 ‰ in the study area (Tab. 2). 15N of the plant 
material showed a wide range (3.9 – 11.1 ‰) with a remarkable difference 
in 15N values of the water hyacinths between the lagoons (Mundau 
lagoon: 10.1 ‰ ± 1.0, Manguaba lagoon: 7.2 ‰ ± 1.4). The 15N of 3.9 ‰ 
in bagasse, which are the smashed sugar cane fibers after the processing 
in the factories, was much lower than in fresh sugar cane plants (8.3 ‰). 
 
Soil material showed only small differences in its composition. Especially 
C/N ratios varied between the different sugar cane soil types and lowest 
values were calculated for freshly ploughed sugar cane fields without 
plants. Slight variations were also detected in the 13Corg and 15N of the 
different soils (Tab. 2). 
 
Elemental and isotopic composition of the sediment cores 
The data sets of sediment cores from each lagoon displayed no statistically 
significant differences between locations. Therefore they were considered 
as replicates and average values used in the following. The only exception 
was the sediment core in the upper part of the Mundau lagoon which was 
close to the Rio Mundau and showed differences in the upper 10 cm 
compared to the other cores. Organic carbon content in the sediment cores 
varied between 0.7 and 4.9 % (Fig. 6). Average concentrations in the 
Manguaba lagoon (3.9 ± 0.7 %) were higher than in the Mundau lagoon 
(2.7 ± 0.4 %; Fig. 6). In both lagoons Corg was high and then decreased 
downcore until ~45 cm. The total nitrogen in the sediment cores was 
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between 0.4 to 0.7 % in the Manguaba lagoon and had lower values 
between 0.1 and 0.4 % in the Mundau lagoon. 
 
 
Figure 6: Average organic carbon concentrations with standard deviation in 
different depths of sediment cores from Manguaba lagoon (n = 4) and 
Mundau lagoon (n = 4). 
 
 
Figure7: Average 13Corg with standard deviation in different depths of sediment 
cores from Manguaba lagoon (n = 4) and Mundau lagoon (n = 4).  
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Average 13Corg ranged between -18.3 to -26.5 ‰ and 15N between 2.5 to 
7.5 ‰, respectively (Fig. 7, 8). Lower 13Corg values were observed in the 
upper 10 cm of the sediment in the Mundau lagoon compared to the 
Manguaba lagoon. 13Corg of the sediment in Manguaba lagoon decreased 
in the upper 10 cm of the core from -19.9 ± 1.5 ‰ to -21.5 ± 0.6 ‰ whereas 
the values in Mundau showed no clear trend (Fig. 7). 
 
 
Figure 8: Average 15N with standard deviation in different depths of sediment 
cores from Manguaba lagoon (n = 4) and Mundau lagoon (n = 4). 
 
But the core in Mundau lagoon which was close to the entrance of Rio 
Mundau had a much lower 13Corg (-24.2 to -26.5 ‰) in the upper 10 cm 
compared to the other cores. Average 15N values in the Mundau lagoon 
were generally higher than in the Manguaba lagoon (Mundau: 5.0 – 7.5 ‰; 
Manguaba: 2.5 – 5.7 ‰; Fig. 8). Slight increases were measured with 
increasing depth in the Manguaba lagoon until ~ 40 cm whereas no clear 
pattern was observed in the Mundau lagoon. 
Chapter III 
 
 
164 
Table 3: Total nitrogen content (PN) of total suspended matter in the Manguaba 
and Mundau Lagoon in September 2007, February 2008, October 2008 
and February 2009 and total nitrogen content in the sediment cores from 
March 2007. 
Chapter III 
 
165 
DISCUSSION
Sources and distribution of organic matter in the water column of the 
lagoons
The composition of particulate material contains information about organic 
matter sources and their modification in aquatic systems. C/N ratios and 
13Corg values (-17.1 to -24.6 ‰) in the lagoons indicate that both 
phytoplankton and terrestrial organic material were part of the suspended 
matter in September 2007. C/N values >15 are typical for cellulose- and 
lignin-rich land plants whereas ratios <8 point to marine phytoplankton 
(Kendall, 2001).   
 
The range of measured 13Corg and 15N values of the TSM samples 
covered the potential end members which were determined in the Mundau 
Manguaba Lagoon except for the  15N <2.8 ‰. 13Corg of ~ -17 ‰ and 15N 
of ~ 3 ‰ in the TSM of the Manguaba lagoon in September 2007 and 
October 2008 were similar to the isotope values of bagasse (Fig. 5). 
Bagasse are the smashed sugar cane fibers which are produced during the 
processing in the sugar cane factories. This organic material is used as 
fertilizer on the fields and has a higher 13Corg and lower 15N than the fresh 
sugar cane plant material (Tab. 2). At the beginning of the dry season, after 
heavy rain showers some days before the sampling, bagasse or material 
from the remains of burned and harvested plants on the fields seemed to 
be a main source of organic material that was washed into the rivers and 
finally transported to the lagoons. 
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The 13Corg of the freshwater end members in the Mundau Manguaba 
Lagoon was determined between -20.7 and -24.7 ‰ and pointed to a 
mixing of sources. But the occurrence of freshwater phytoplankton, which 
was observed as biomass in the rivers seemed to be a main source at 
these sampling stations (Spörl et al., submitted.). Additionally, 
allochthonous organic matter from the sugar cane fields in the catchment 
area of the rivers were potential sources as no marine influence affected 
these parts of the rivers. TSM in the Lago Azul end member was very low 
(0.4 mg l-1). 13Corg (-24.7 ‰) in combination with C/N (31.1) values pointed 
to macrophytes as origin for organic material in the Lago Azul. C/N ratios of 
10 to 30 or even >80 is indicative of old and woody aquatic plants as 
source which can in parts already be degraded (Kendall, 2001).  
 
The 15N value of 8.2 ‰ in the Lago Azul can be a result of isotopic 
fractionation in combination with transformation processes which can alter 
the 15N of nitrate and ammonium in the aquatic environments (Kendall, 
2001). 15N of dissolved inorganic nitrogen in the water controls the 15N of 
the plants which take up dissolved inorganic nitrogen. Plants discriminate 
against 15N during nutrient uptake which leads to incorporation of relatively 
more 14N into their biomass. This fractionation could influence the 
remaining nitrogen pool with higher 15N values that furthermore could be 
used for primary production by aquatic plants resulting in higher 15N in 
their tissues. 15N in TSM could also raise due to fractional degradation of 
organic material because of a faster decomposition of 14N. 
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High 15N in the TSM (~10 ‰) of the Mundau lagoon mainly at the end of 
the dry season points to municipal sewage from the city of Maceio which 
borders the Mundau lagoon as additional source as the Rio Mundau which 
discharges into the lagoon showed lighter nitrogen isotope values of           
~4.7 ‰. Nitrate derived from waste water (sewage) is usually characterized 
by 15N values >10 ‰ (Grischek et al., 1998; Kendall, 1998). A study on the 
lipid biomarker composition corroborates our finding that waste water from 
Maceio city contributed to the particulate matter pool in the Mundau lagoon 
(Costa et al., 2011). 
 
Potentially high 15N-NO3 from sewage in the Mundau lagoon led to high 
15N of TSM and also to high 15N in the water hyacinth tissue compared to 
the water hyacinth tissue in the Manguaba lagoon as the plants consumed 
the dissolved nitrogen for their growth. The low 15N values in the lagoons 
which were mainly detected in the beginning of the dry season indicate high 
input of atmospheric nitrogen through nitrogen fixation by cyanobacteria as 
this phytoplankton group was very abundant during this time (Spörl et 
al.,submitted).  
 
The application of mineral fertilizer (15N of 0 ± 4 ‰) to agricultural soil 
could also be an important source which influenced the nitrogen isotopic 
composition in a system (Kendall, 1998). Broadbent et al. (1980) showed 
from soil surveys that 15N for cultivated and fertilized soils was 0.7 ± 2.6 ‰ 
and 2.7 ± 3.4 ‰ for uncultivated soils, respectively. 15N values close to     
0 ‰ which point to fertilizer were not detected in cultivated sugar cane 
fields in the catchment area of the Mundau Manguaba Lagoon most 
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probably due to the use of the organic bagasse as fertilizer which has a 
’15N of ~ 4 ‰ (Tab. 2). 
 
Fate of suspended organic matter in the sediments 
Because of a lack of TSM samples from March 2007 when the cores were 
taken, TSM data from February 2008 and March 2009 may give hints on 
organic matter production, transformation and decomposition in the water 
column at the beginning of the dry season. The pattern for average surface 
sedimentary Corg concentrations was very similar to the Corg concentrations 
of the TSM in the lagoons with higher average values in the Manguaba 
lagoon than in the Mundau lagoon (3.8 ± 0.7 % and 2.7 ± 0.4 %, 
respectively). But the lagoon sediments contained 3 to 4 times less organic 
carbon when compared to the TSM. The low Corg and N contents in the 
sediments are probably due to the fast decomposition of organic matter and 
showed consequently a strong decrease in organic carbon content with 
increasing depth in the upper layers of the sediment cores in the Manguaba 
lagoon.  
 
The Manguaba sediment cores had lower average 13Corg values in the 
surface layers compared to Mundau lagoon which is consistent with the 
range of 13Corg observed in TSM. TSM in the lagoons appeared to be 
mainly derived from particles transported by the rivers which contain sugar 
cane material and biological production due to high phytoplankton biomass. 
Over time material can sink through the water column and accumulate in 
the sediment. Differences in the residence time of the lagoons and the 
turbidity triggered by the tidal variation seemed to have an important 
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influence on the fate of the material. 13Corg of ~ -21 ‰ in the surface 
sediments mainly in the Mundau lagoon is probably indicating strong 
marine carbon composition in sediments. Intrusion of marine water due to 
the wide channel in the Mundau lagoon was higher when compared to 
Manguaba lagoon which is characterized by a restricted tidal exchange and 
a longer residence time.  
 
Sedimentary 15N of the Mundau lagoon was higher when compared to the 
Manguaba lagoon. 15N values in the strong marine influenced Mundau 
lagoon which are in parts in the range of marine nitrate (~6 ‰) in 
combination with high 15N from sewage in TSM of the water column may 
result in the 15N differences in the lagoons (e.g. Cline and Kaplan, 1975). 
However, the sediment core in the upper part of the Mundau lagoon which 
was close to the mouth of the Rio Mundau showed higher terrestrial input. 
This was most probably the result of lower 13Corg from C3 plants which 
grew in large amounts along the river bank in this area.  
 
Comparison with other aquatic systems  
When comparing the obtained results with other anthropogenic affected 
regions, the percentage of Corg in Mundau Manguaba Lagoon was high 
compared to other systems (Tab. 4). The Kallada River in India, showed 
Corg values between 2.7 and 3.2 % which seemed to be a result of wash out 
of organic rich soil mainly from agriculture areas during the monsoon 
season (Jennerjahn et al., 2008). Similar results were also reported from 
the Changjiang River in China, where carbon and nitrogen isotope values 
underlined that soil from the catchment area is probably the main source for 
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the organic matter composition of the TSM in the estuary (Zhang 2007). In 
contrast, the high organic carbon contents in the Mundau Manguaba 
Lagoon are probably due to the long residence time in the lagoons 
associated with high phytoplankton production and the accumulation of the 
sugar cane organic material from the catchment area.  
 
Table 4: Composition of Corg and PN contents, C/N ratio, 13Corg and 15N of total 
suspended matter in different tropical and temperate aquatic systems 
1. This study 
2. Krusche et al., (2002) 
3. Martinelli et al., (1999) 
4. Hedges et al., (1986) 
5. Townsend-Small et al., (2007) 
6. Barros et al., (2010) 
7. Jennerjahn et al., (2004) 
8. Jennerjahn et al., (2008) 
9. Zhang et al., (2007) 
10. Cifuentes et al., (1988) 
11. Middelburg and Nieuwenhuize, (1998) 
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Isotopic composition of organic material in the Brantas River in Indonesia 
and the Delaware Estuary in USA showed 13Corg  ranges of -19.6 to           
-28-9 ‰ and -16.4 to -25.8 ‰ and 15N ranges of -2.3 to 10.0 ‰ and 3.7 to 
18.7-16.9, respectively. Main sources for organic material in the Brantas 
River were agricultural runoff during the rainy season and phytoplankton 
production during the dry season (Jennerjahn et al., 2004). The two major 
pools of organic matter in the Delaware estuary were the in situ 
phytoplankton growth and a mixture of planktonic and terrestrial detritus 
(Cifuentes et al., 1988). 
 
The obtained results from Mundau Manguaba system were within similar 
ranges, except for the low 15N values observed in the Brantas River and 
the high 15N values described for the Delaware Estuary. Although 
phytoplankton data from the Mundau Manguaba Lagoon suggested 
nitrogen fixation by cyanobacteria, the detected 15N were higher than the 
values in the Brantas River at Wonokromo stations 1 II and 2 II where 
negative or near to zero 15N of TSM indicated N2-fixation as major nitrogen 
source. This findings were attributed to the dominance of nitrogen fixing 
cynobacteria in the phytoplankton community of these stations (Jennerjahn 
et al., 2004). Cifuentes et al. (1988) suggested that the increase in nitrogen 
isotope values in the Delaware Estuary was due to extensive nutrient 
uptake by phytoplankton which became a dominant pool of the organic 
matter in the system.  
 
Bobitonga Bay in south Brazil which is influenced by heavy industry and 
urbanization showed 15N up to 9.3 ‰ pointing to contamination by sewage 
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(Barros et al., 2010). In contrast, 15N of TSM from the Amazon River which 
is almost a pristine area with no signs of anthropogenic input was ~ 4.0 ‰ 
(Townsend-Small et al., 2007). Division into coarse and fine fractions of the 
particulate suspended material in the Amazon River showed that these 
fractions had almost the same 13Corg ranges but higher C/N ratios in the 
coarse fraction. Therefore the coarse fraction was considered as less 
degraded and relatively new material (Hedges et al., 1986).  
 
Similar observations in the Piracicaba River basin which receives urban 
sewage and industrial effluents suggested that the coarse fraction 
additionally comprised elevated levels of C4 plant material which was due 
to sugar cane as new vegetation type in this region. However, 13Corg        
(>-21.7 ‰) in this sugar cane influenced area was still higher than 13Corg 
(>-16.9 ‰) of the TSM in the Mundau Manguaba Lagoon (Krusche et al., 
2002; Martinelli et al., 1999). These findings pointed to a strong outwash of 
sugar cane soil and bagasse which was applied as fertilizer to sugar cane 
fields in the catchment area of the Mundau Manguaba Lagoon. 
 
 
SUMMARY AND CONCLUSION 
Stable isotope analyses have shown that suspended particulate and 
sedimentary matter has both natural and anthropogenic sources in the 
Mundau Manguaba lagoon. Impact from sugar cane plants directly or 
material like bagasse or soil from sugar cane fields could be observed in 
the lagoons whereas the Mundau lagoon showed also influences from 
sewage from the city of Maceio. Different water residence times in the 
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lagoons in combination with tidal export were probably responsible for 
variations in productivity of autochthonous material. Sedimentary organic 
matter showed that in the Manguaba lagoon which has a long residence 
time and a reduced tidal exchange due to a narrow channel sugar cane 
material is retained and accumulated inside the lagoon. The lower 
proportion of TSM in the Mundau lagoon and strong tidal intrusion suggest 
an outwelling of sugar cane and sewage organic material into the adjacent 
coastal waters.  
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